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i 
 
Abstract 
 
 There are various problems with the treatments for bladder cancer. The studies in 
this thesis aimed to decrease these problems or conduct research that would aid future 
work and development in the area.  
The mechanical properties of normal and malignant bladder tissue were quantified 
using dynamic mechanical analysis (DMA). A uniaxial testing machine applied sinusoidally 
varying strains to specimens and the response stresses were measured; from this the elastic 
and viscous components of the soft tissues were calculated. Porcine bladder tissue was used 
as a model for normal bladder and exhibited a higher modulus than tumourous bladder 
tissue. Potentially these viscoelastic properties have many utilities, which include but are not 
limited to: diagnosis of bladder tumours, computational modelling of the bladder, 
comparison to current replacement materials, manufacture of more appropriate bladder 
replacement materials and manufacture of synthetic tumours for surgical trainers. 
One problem with the procedure for removing non-muscle invasive bladder cancer 
(NMIBC) is tumour re-implantation. An add-on instrument was designed, manufactured and 
tested to attempt to stop the travel of tumourous cells which could then re-implant. A 
prototype of the device was manufactured using the shape memory metal nickel titanium in 
conjunction with latex. The device would open into a cone shape once inside the bladder to 
physically prevent the movement of tumour cells away from the tumour site. The prototype 
was successfully tested in replica surgical conditions with blue dyes. With development, it is 
hoped that this design can assist in reducing the high recurrence rate of NMIBC.  
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1 Introduction 
 
The work in this thesis investigates some of the engineering matters associated with 
bladder cancer. There are problems with the treatments for both muscle invasive bladder 
cancer (MIBC) and non-muscle invasive bladder cancer (NMIBC). Trans-urethral resection of 
bladder tumours (TURBT) is the gold standard procedure for NMIBC and suffers from a very 
high rate of recurrence, up to 61% at year 1 (Sylvester et al., 2006). It is thought that the 
reasons for this high recurrence rate are associated with TURBT. The treatments for MIBC 
are partial and radical cystectomy, and these procedures have other problems which 
include: subsequent tumour relapse, electrolyte imbalance and excess mucus production 
(Kaufman et al., 2009; Pokrywczynska et al., 2014). This thesis is concerned with decreasing 
the issues associated with bladder cancer treatment and conducting research that will aid 
investigations into reducing the complications.  
The aims were to investigate the mechanical properties of the urinary bladder and 
develop a novel instrument for the removal of NMIBC. The specific objectives were to: 
 Find the mechanical properties of healthy urinary bladder. 
 Acquire the mechanical properties of tumourous bladder tissue. 
 Design, prototype and test a novel instrument for the removal of NMIBC that 
reduces the likelihood of recurrence. 
The mechanical properties of bladder tissue are important for the manufacture of 
more appropriate substitute materials. Also any autologous bladder replacements can be 
compared to the actual tissue mechanical properties and their suitability can be determined. 
Chapter 1 - Introduction  2 
 
The differences between normal and malignant tissue can be identified, this is of use for the 
potential diagnosis of bladder cancer and could be used to inform material properties for 
surgical trainers. Accurate mechanical properties are also important for computational 
modelling of the bladder.  
 Currently in TURBT, tumours are removed piecemeal which facilitates the spread of 
tumour cells throughout the bladder which can re-implant into the bladder wall and form 
secondary tumours (Kondas et al., 1999; Bryan et al., 2010). Improving the method of 
surgery to limit this spread of viable cells and hence lower the high recurrence rate would be 
of great benefit to patients and hospitals. 
Chapter 2 outlines the background information needed to understand the 
subsequent chapters in the thesis. This includes information on the urinary bladder, bladder 
cancer, mechanical and viscoelastic properties of materials and shape memory alloys.  
Chapter 3 describes a study on the tensile viscoelastic properties of porcine bladder 
rectangular and looped specimens in terms of stiffness. The chapter is based on the work 
published in the Journal of the Mechanical Behaviour of Biomedical Materials titled 
‘Frequency dependent viscoelastic properties of porcine bladder’; 2015, volume 42, pages 
168 - 176. This work was also presented at the 2013 Bose User Conference in Sheffield. Also 
included in this chapter are preliminary tests on the pressure volume relationship of the 
bladder and the effect of increasing or decreasing frequency on the viscoelastic properties of 
the bladder.  
Chapter 4 details a preliminary study on the compressive dynamic properties of 
porcine bladder and then the compressive frequency dependant viscoelastic properties of 
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human bladder tumours. The work in this chapter is based on the work accepted for 
publication in the Journal of the Mechanical Behaviour of Biomedical Materials titled 
‘Viscoelastic properties of human bladder tumours’. 
Chapter 5 presents the design, prototyping and testing of a novel instrument for the 
removal of NMIBC. This chapter also outlines the training of the shape memory alloy Nitinol 
for use as an actuator. The work in this chapter is based on the work accepted for 
publication in the Proceedings of the Institution of Mechanical Engineers, Part H: Journal of 
Engineering in Medicine titled ‘Design of an improved surgical instrument for the removal of 
bladder tumours’. The work was also presented at the 2015 World Congress on Medical 
Physics and Biomedical Engineering – Toronto. 
Chapter 6 then provides the overall discussion and conclusions. 
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2 Background 
2.1 Chapter Overview 
 
The aim of this chapter is to provide the background information necessary to 
understand the subsequent chapters in this thesis. Section 2.2 outlines the urinary bladder 
and its underlying structure. Section 2.3 describes bladder cancer and the various 
treatments used to remove it. Section 2.4 defines mechanical properties that will be referred 
to throughout this thesis. Section 2.5 outlines the shape memory effect for metals and the 
training required to achieve these effects. Finally section 2.6 summarises the background 
chapter. 
2.2 Urinary Bladder 
 
2.2.1 Human Urinary System 
 
The human urinary system is comprised of two organs, these are the kidneys and the 
bladder. The function of the kidneys is to filter blood and remove waste as urine which is 
then transported to the bladder for storage via the ureters. The bladder is a hollow 
distensible structure located within the pelvis which functions as the storage organ for urine. 
Urine is removed from the bladder and out of the body through the urethra; this process is 
termed micturition (Guyton and Hall, 2010). In males the urethra also passes through a small 
gland called the prostate. The urinary bladder permits urination or micturition at socially 
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acceptable times and, hence, correct bladder function is important to a person’s 
independence and quality of life. Figure 2.1 is an illustration of the urinary system. 
 
Figure 2.1 – Human urinary tract (reproduced with permission from Elsevier (Field et al., 
2011)). 
2.2.2 Anatomy of the Urinary Bladder 
 
The urinary bladder is made up of different parts or sections which can be seen in 
figure 2.2. At the bottom of the bladder is the trigone region, which is connected by the 
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openings of the urethra and the ureters in the bladder. The middle region of the bladder is 
called the lateral region and the top is the dome. 
 
 
Figure 2.2 – Anatomy of the urinary bladder (reproduced with permission from John Wiley 
and Sons (Tortora and Derrickson, 2005)). 
 
As human bladders are not readily available for testing, the work in this thesis details 
experiments with porcine bladders. Porcine bladders display similar tissue mechanics to that 
of human bladders (Natali et al., 2015). Functionally the detrusor muscle of porcine bladders 
are similar to that of human (Hashitani and Brading, 2003; Rosario et al., 2008). Also, the 
extracellular matrix of the pig bladder has been used as a xenogeneic scaffold for producing 
tissue engineered bladders for replacement in humans (Badylak, 2004; Yang et al., 2010).  
Furthermore, porcine bladders are similar anatomically to the human urinary bladder (figure 
2.3), as it has a trigone region which makes up the two inlets for the ureters and the outlet 
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for the urethra. There is also a lateral region further up the bladder and a dome region at the 
top.  In terms of normal volume the human bladder is similar to porcine as Parsons et al. 
(2012) have reported a maximum volume of 450 ml retrieved from pig bladders after 
slaughter. This is comparable to the fullness a human feels when 400 ml of urine has 
collected in the bladder (Ganong and Barrett, 1997).   
 
Figure 2.3 – Regions and directions of the porcine urinary bladder. 
2.2.3 Structure of the Bladder Wall 
 
The human urinary bladder wall is comprised of several layers. These layers are, from 
the inside of the bladder outwards: the mucosa (which includes the transitional epithelium), 
the submucosa (lamina propria) and the detrusor muscle (muscularis propria) (Peckham, 
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2011). These layers can be seen in figure 2.4 along with the different orientations of the 
detrusor muscle through the bladder wall which alternate from longitudinal to transverse to 
longitudinal. A pig’s urinary bladder has a similar structure to that of a human bladder 
(Dahms et al., 1998; Korossis et al., 2009; Natali et al., 2015). 
  
Figure 2.4 – Structure of the bladder wall (reproduced with permission from John Wiley 
and Sons (Peckham, 2011)). 
2.2.4  Micturition 
 
When the bladder starts to become full, the urge to micturate or urinate starts to be 
felt. Typically this occurs at around 400 ml (Guyton and Hall, 2010) but can vary depending 
on a number of factors, including the size of the person. As the bladder continues to fill, 
stretch receptors in the bladder wall send signals to the sacral part of the spinal column, 
which return and cause micturition reflexes, in turn causing spikes in intravesical pressure 
(the pressure within the bladder). These spikes are caused by contractions in the detrusor 
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muscle, which can be seen in a cystometrogram in figure 2.5, and subside after a few 
minutes. A cystometrogram is a test of bladder function, during which bladder pressure is 
measured in response to volumes of liquid being added or taken away (van Mastrigt et al., 
1978; Kraklau and Bloom, 1998). As the bladder continues to fill, micturition spikes occur 
more frequently and become more powerful which causes another reflex; the external 
sphincter relaxing. The location of the external sphincter can be seen in figure 2.2. The 
inhibition of the external sphincter, and hence urination, can be stopped voluntarily by 
signals from the brain. However, the more full the bladder becomes the stronger the 
consequent inhibition signal which will eventually be able to override the voluntary 
constriction signals from the brain (Guyton and Hall, 2010). 
 
Figure 2.5 – Normal cystometrogram with micturition ‘spikes’ (reproduced with permission 
from Elsevier (Guyton and Hall, 2006)). 
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It should be noted that the micturition reflex is autonomic and as such generally acts 
subconsciously. This is in contrast to the conscious decision to prevent micturition which is 
facilitated by areas in the brain (Guyton and Hall, 2010). 
2.3 Bladder Cancer 
 
2.3.1 Bladder Cancer Overview 
 
Urinary bladder cancer is the 4th most common cancer in men and the 13th most 
common cancer in women in the UK (Cancer Research UK, 2014). Each year 10,200; 123,135 
and 72,570 people are diagnosed with bladder cancer in the UK, EU and USA and with 
mortality of 5,000; 40,252 and 15,210, respectively (Cancer Research UK, 2014; Burger et al., 
2013).  
UICC (Union International Contre le Cancer – International Union against Cancer) 
Tumour, Node, Metastasis (TNM) staging defines the depth of invasion or the other 
structures that the primary tumour has involved, and also the presence or absence of lymph 
node and/or distant metastases (Sobin et al., 2009). Figure 2.6 shows a diagram of bladder 
cancer tumour (T) staging. 
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Figure 2.6 – T stages of bladder cancer (reproduced courtesy of an open knowledge project 
by Cancer Research UK, London, UK). 
In Western populations, over 90% of bladder cancers are transitional cell carcinomas 
and at presentation over 75-85% will be Non-Muscle Invasive Bladder Cancer (NMIBC: stages 
Ta/T1/CIS [carcinoma in situ]), with the remainder being Muscle-Invasive Bladder Cancer 
(MIBC: stages T2-4) (Wallace et al., 2002; Lorusso and Silvestris, 2005; van Rhijn et al., 2009; 
Kaufman et al., 2009). Other types of bladder cancer include squamous cell carcinomas (5%) 
and adenocarcinomas (>2%) (Kaufman et al., 2009).  
2.3.2 Bladder Cancer Grade and Architecture 
 
In the Urinary Bladder Cancer (UBC) setting, grade describes the microscopic 
appearance of the tumour cells and indicates how biologically aggressive the cells are, with 
grade 1 (G1) being least aggressive and grade 3 (G3) being most aggressive; alternatively, 
Chapter 2 – Background   12 
 
grade can be described as low or high (Mostofi et al., 1973; Epstein et al., 1998; Kaufman et 
al., 2009).  
The architecture of the tumour is classified by its predominant feature; this can be 
sessile or papillary (Epstein et al., 1998; Remzi et al., 2009). Papillary (pap) describes a 
tumour with ‘finger like’ projections (sometimes likened to a sea anemone), as opposed to 
sessile in which the tumours are solid and flat (Shirai et al., 1989). Tumours can also exhibit 
both papillary and sessile (mixed) architecture.   
2.3.3 Non-Muscle and Muscle Invasive Bladder Cancer 
 
The cardinal symptom of UBC is painless visible haematuria (presence of blood in the 
urine), occurring in over 80% of patients at presentation (Wallace et al., 2002; Kaufman et 
al., 2009). It requires prompt investigation, most often in a ‘haematuria clinic’ setting (Lynch 
et al., 1994). Further investigation of patients suspected of having UBC requires multiple 
diagnostic procedures, including imaging of the upper urinary tract, urine cytology and 
cystoscopy (Kaufman et al., 2009; Hollenbeck et al., 2010; Babjuk et al., 2011). Briefly, urine 
cytology is a non-invasive test which involves looking for abnormal cells in a urine sample 
with the use of a microscope. Urine cystoscopy is an invasive test which makes use of a 
cystoscope, an instrument with a light and a camera, inserted through the urethra into the 
bladder to image and inspect the bladder.  In most cases the diagnosis is subsequently 
confirmed following Transurethral Resection of Bladder Tumour (TURBT) (Kaufman et al., 
2009; Babjuk et al., 2011).  
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NMIBC is typified by a high rate of recurrence (15-61% at one year, depending upon 
risk category (Sylvester et al., 2006)) and so long-term, even lifelong, surveillance with 
outpatient flexible cystoscopy is the mainstay of subsequent management (Kaufman et al., 
2009; Babjuk et al., 2011). Progression to MIBC (Muscle Invasive Bladder Cancer) is also a 
concern for high-risk NMIBC patients, occurring in up to 17% of patients at one year 
(Sylvester et al., 2006). Progression to (or presentation with) muscle-invasive disease (stages 
T2-4) represents the critical step in the disease course, necessitating more radical therapies 
and carrying a 5-year survival rate of only 27-50% (Wallace et al., 2002; Advanced Bladder 
Cancer (ABC) Meta-analysis Collaboration, 2005).  
2.3.4 Muscle Invasive Bladder Treatment 
 
Patients who present with, or progress to, MIBC are treated by radiotherapy 
(Kaufman et al., 2009; Stenzl et al., 2011), chemoradiotherapy (James et al., 2012), partial or 
radical cystectomy, or neoadjuvant (a therapy given before another treatment which 
attempts to increase the success of the later treatment (Trimble et al., 1993)) chemotherapy 
followed by radical cystectomy (Advanced Bladder Cancer (ABC) Meta-analysis 
Collaboration, 2005; Kaufman et al., 2009; Stenzl et al., 2011; Smith et al., 2014). Radical or 
partial cystectomy procedures involve removing all or part of the bladder, respectively 
(Kaufman et al., 2009). Problems and side effects associated with MIBC treatment include: 
excess mucus production, electrolyte imbalance and subsequent tumour relapse (Kaufman 
et al., 2009; Pokrywczynska et al., 2014).  
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2.3.5 Non-Muscle Invasive Bladder Treatment 
 
Transurethral Resection of Bladder Tumour (TURBT) is the mainstay of treatment for 
non-muscle invasive bladder cancer and was first described as suitable surgery by 
Maximillian Stern and Joseph McCarthy in 1930 (Blandy et al., 2005). It is still considered to 
be the gold standard today (Wilby et al., 2009). The equipment required for TURBT 
comprises: a stainless steel outer and inner sheath, an irrigation system, a light source 
provided via a fibre optic guide from a filament lamp, a rod lens cystoscope attached to a 
video camera head and a trigger-operated spring-loaded electrically-active wire cutting loop 
or diathermy loop (figure 2.7). The combination of the cutting loop, the cystoscope and the 
camera head are termed a ‘resectoscope’. There are many resectoscopes on the market 
made by companies including: Olympus (Tokyo, Japan), Stryker (Kalamazoo, USA), Storz 
(Tuttlingen, Germany) and Richard Wolf (Knittlingen, Germany).  
 
Figure 2.7 – Side view of Olympus OES Pro resectoscope. 
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The method for TURBT procedures is as follows: following a thorough cystoscopy and 
bimanual examination, the surgeon inserts the resectoscope into the bladder via the 
urethra. Once inside the bladder, the surgeon will examine the bladder and locate the 
tumour(s) utilising the high quality video camera attached to the cystoscope. The TURBT will 
then commence utilising the diathermy cutting loop. The diathermy loop is used to cut into 
the tumour to remove it in slices or ‘chips’ (Blandy et al., 2005; Wilby et al., 2009), this 
method can be seen in figure 2.8.   
 
Figure 2.8 – Transurethral Resection of Bladder Tumours (Copyright 
http://bladder.cancercaregiving.com/bladder-cancer-treatment/). 
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Irrigation into and out of the bladder via the sheath is used throughout the 
procedure to distend the bladder (which smooths its mucosal surface as it is otherwise 
folded when the bladder is empty) and to wash away blood and smaller pieces of tumour 
debris (to maintain good vision). The larger pieces of tumour or ‘chips’ are either drained out 
of the bladder by simply removing the resectoscope from the outer sheath, or are washed 
out by the use of an Ellik bladder evacuator or similar. These evacuators are made from 
flexible polymers which are connected to the resectoscope and, when squeezed and 
released, create back pressure forcing irrigating solution and the pieces of tumour out of the 
bladder and into the evacuator. The surgeon will repeat this process until all of the tumour 
has been visually removed. The diathermy cutting loop, or alternatively a diathermy ‘roly-
ball’, will then be used to cauterise bleeding vessels and healthy-looking bladder mucosa 
immediately surrounding the base of the tumour to achieve a ‘negative margin’. Negative 
margin refers to a margin of normal healthy tissue around the base of the tumour to 
improve confidence in complete tumour removal and to reduce the risk of tumour 
recurrence (Blandy et al., 2005; Ray and O’Brien, 2007; Wilby et al., 2009).  
There are two different types of energy that can be used for wire loop TURBT, these 
are monopolar and bi-polar. Monopolar describes electrical current coming into contact with 
the bladder through the wire loop and then leaving the body through a metallic plate 
attached to the patient’s leg. Bi-polar describes the electrical current entering, coming into 
contact with and leaving the bladder via the cutting loop. The irrigating solution in a TURBT 
is dependent on the type of energy source being used, for bi-polar resection an isotonic 
solution such as saline is required, whereas monopolar resection makes use of hypotonic 
solutions such as glycine or water (Cauberg et al., 2009).      
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2.3.6 Non-Muscle Invasive Bladder Treatment Problems 
 
The main problem with the use of TURBT for tumour resection is that tumours are 
removed piecemeal; this can be seen in figure 2.9. 
 
Figure 2.9 – Piecemeal removal of bladder cancer (reproduced with permission from John 
Wiley and Sons (Wiesner et al., 2010)). 
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This is contrary to basic principles of surgical oncology whereby tumours should be 
removed en bloc (Wilby et al., 2009; Ray and O’Brien, 2007); therefore, a negative lateral or 
deep margin cannot be guaranteed. Ray and O’Brien (2007) state that for any other tumour 
apart from tumours in the bladder, piecemeal resection ‘’would be considered oncological 
madness’’.  Moreover, resecting the tumour whilst irrigating the bladder creates a solution 
of potentially viable tumour cells within the bladder. These cells can subsequently re-implant 
at the tumour site or elsewhere within the entirety of the bladder (Bryan et al., 2010; 
Kondas et al., 1999). En bloc resection with a negative margin would be ideal as it would 
prevent the scattering of tumour cells and would ensure that only normal tissue is present in 
the bladder post resection (Ray and O’Brien, 2007).    
The mechanisms of recurrence of NMIBC were described by Kondas et al. (1999) as: 
(i) incomplete resection of the primary urothelial cancer; (ii) tumour cell re-implantation; (iii) 
growth of microscopic tumours present at the time of the previous resection and (iv) new 
tumour formation. Utilising alternative optical technologies (such as narrow band imaging 
and photodynamic diagnosis (Patel et al., 2011)) may reduce the positive margin rate 
(incomplete resection). It may also identify small tumours otherwise missed by conventional 
white light cystoscopy; however, these approaches have not been universally-adopted and 
do not change the fundamental principles of the procedure. Thus, surgical failure is 
considered to be an important contributor to the high recurrence rates observed in patients 
with NMIBC (Bryan et al., 2010). Recurrence rates vary from 15 – 61 % at year 1 and 31 – 78 
% at 5 years depending on risk factors such as: number of tumours, size of tumour(s), prior 
recurrence, T stage and grade (Sylvester et al., 2006). These rates are considered to be 
unacceptably high (Wilby et al., 2009; Sylvester et al., 2006), and result in repeated TURBTs 
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which are both burdensome to patients and expensive for healthcare providers (Sangar et 
al., 2005; Svatek et al., 2014).  
2.3.7 Bladder Cancer Summary 
 
Due to the relatively high incidence and high recurrence of bladder cancer it has 
become expensive for healthcare providers to treat (Bryan et al., 2014). In the United States 
of America in 2001 the accumulated cost of bladder cancer was $3.7 billion (Lotan et al., 
2009). Despite this, there is only modest research funding for UBC compared to other 
malignancies (Lotan et al., 2009). As a result there has been a lack of scientific advancement 
in the field (Lotan et al., 2009; Kaplan et al., 2014). 
There has been research into tissue engineering of bladders (Badylak, 2004) which 
could be useful as whole or partial bladder replacements for MIBC (Orabi et al., 2013). Also, 
research is underway to investigate how to remove NMIBC en bloc and whether novel 
imaging techniques for TURBT are sufficient to find smaller tumours (Bach et al., 2015). 
However, little has been done to reduce the scattering effect of TURBT (Wilby et al., 2009). 
2.4 Mechanical Properties of Materials 
 
2.4.1 Introduction 
 
The mechanical properties of a material describe how a material will behave when 
subjected to a load. The type of mechanical property depends on how the material is loaded. 
In the following section both elastic and viscoelastic properties are described. Elastic 
material properties assume no time dependant behaviour, whereas viscoelastic properties 
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assume differences in mechanical properties depending on strain or loading rate. 
Throughout this thesis mechanical properties are used to quantify and describe tissues. 
2.4.2 Stiffness 
 
Stiffness (k) is a measure of the rigidity of an object. Stiffness measures the resistance 
of a structure to an applied load and is calculated using equation 2.1.  
 𝑘 =
𝐹
𝛥𝐿
 (2.1) 
where F is the applied force and ΔL the change in length of the structure, which can be seen 
in figure 2.10. 
 
Figure 2.10 – Cylindrical rod subjected to a tensile force (F) with cross sectional area (A) 
highlighted in yellow, original length (L) and change in length (ΔL). 
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Stiffness is a structural property and as such is influenced by variations in specimen 
geometry and the materials of which it is comprised. Stiffness can be used to decide whether 
a structure, such as a spring, is rigid enough to support a given load for a specific application. 
This is in contrast to a Young’s modulus (E) (described in section 2.4.3) which accounts for 
specimen geometry; a specimen of any size composed of the same material will return the 
same modulus (Millard et al., 2011).  
2.4.3 Young’s Modulus 
 
Young’s modulus (E) is a material property which is measured in Pascals (Pa). It can 
be described as the ratio of the stress (σ) induced in a material to the strain (ɛ), as shown in 
equation 2.2. 
 𝐸 =
𝜎
ɛ
 (2.2) 
Young’s modulus is a measure of rigidity, in terms of area, and measured per unit 
length. It is used to compare materials. The engineering stress (σ) that is induced in a 
material is equal to the force (F) applied on the materials divided by its initial cross sectional 
area (A) (equation 2.3). 
 𝜎 =
𝐹
𝐴
 (2.3) 
The engineering strain (ɛ) that is experienced by a material is equal to the change in 
length (ΔL) divided by its original length (L) and as such is dimensionless (equation 2.4). 
 ɛ =
𝛥𝐿
𝐿
 (2.4) 
Chapter 2 – Background   22 
 
Figure 2.10 shows a cylindrical rod tensile test schematic which can be used to 
determine Young’s modulus. An example of a material with a low modulus is silicone which 
has a Young’s modulus of 8 – 30 MPa (Granta Design Ltd, 2013). An example of a material 
with a high modulus is medium carbon steel which has a Young’s modulus of 207 GPa 
(Callister and Rethwisch, 2012). Young’s modulus is measured using a tensile ramp test to 
‘pull’ a material apart to failure. Whilst this test is taking place load and displacement 
measurements are recorded and used to calculate stress and strain using equations 2.3 and 
2.4 (ASTM International, 2010). Figure 2.11 shows a typical metal stress strain curve for the 
test.  
 
Figure 2.11 – Typical stress strain curve for a metal (adapted from Callister and Rethwisch 
(2012)). The gradient of the elastic linear portion represents the Young’s modulus of the 
material, P denotes the proportional limit, σy the yield strength taken parallel to the elastic 
slope at 0.002 strain, UTS the ultimate tensile strength and FP the fracture point of the 
material. 
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There are two regions that can be seen in figure 2.11: the elastic and plastic regions. 
The elastic part of the curve is the region where the material has been deformed but is able 
to return to its original shape; whereas, the plastic region defines the later part of the curve 
where the material will not return to its original shape when unloaded. The Young’s modulus 
is taken from the slope of the curve before the elastic limit. As it is difficult to accurately 
measure where the elastic limit occurs there is a convention that the yield stress (σy) is taken 
from a parallel slope to the origin to proportional limit slope, at 0.002 strain. For materials 
such as rubbers, which exhibit non-linear elastic behaviour, different types of moduli are 
used to characterise their material properties. For example, a secant modulus takes the 
slope of the curve from the origin to any point on the curve; instead, a tangent modulus 
takes the slope from a tangential line at any point on the curve (Callister and Rethwisch, 
2012). There are, however, issues with these moduli: a secant modulus assumes linear 
behaviour when, in all likelihood, the behaviour is not linear. A tangent modulus varies 
depending on the stress or strain value at which it is taken. 
Another phenomenon that can be seen during the deformation of a material, such as 
in the tensile test shown in figure 2.10, is the shortening of the transverse diameter whilst 
the longitudinal length increases. This effect is described by the Poisson’s ratio (ν) which is 
calculated as the negative ratio of the transverse strain to the longitudinal strain (equation 
2.5) (Callister and Rethwisch, 2012).   
 𝑣 = −
𝜀𝑡
𝜀𝑙
 (2.5) 
where ɛt is the transverse strain which is positive when the transverse length of the test 
specimen is increasing. ɛl is the longitudinal strain which is positive when the length of the 
Chapter 2 – Background   24 
 
longitudinal length is increasing. Some typical values for Poisson’s ratio are 0.49 for rubber 
and 0.3 for steel (Granta Design Ltd, 2013). If a material is linearly elastic and is homogenous 
and isotropic (i.e. displays the same mechanical properties independent of direction), then 
the Young’s modulus (E) and Poisson’s ratio (ν) can determine the strain of the material to 
an applied stress in any direction and vice versa, provided the material is not stressed past 
its yield strength (σy) (Callister and Rethwisch, 2012).     
2.4.4 Viscoelastic Materials 
 
Viscoelastic materials can be defined as materials that exhibit both elastic and 
viscous behaviour. The strain response of a perfectly elastic material to an induced stress is 
instantaneous. This is in contrast to materials with a viscous element where the response is 
time dependant. The elastic and viscous properties of a material can be characterised by 
storage (E’) and loss modulus (E’’), respectively. Dynamic modulus (E*) is a complex number 
which is made up of real and imaginary components where E’ lies on the real axis and E’’ on 
the imaginary axis (Hukins et al., 1999). Some examples of viscoelastic materials include 
biological tissues, natural and synthetic polymers (Menard, 2008). The relationship between 
E’, E’’, and phase lag (δ) are shown in figure 2.12.    
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Figure 2.12 – Argand diagram of phase lag (δ), dynamic (E*), storage (E’) and loss (E’’) 
moduli where Im is the imaginary and R is the real axis. 
The storage modulus refers to the rigidity of a material. It characterises the ability of 
a material to store energy, used for the elastic response when a stress is removed from a 
viscoelastic material. The loss modulus characterises the ability of a material to dissipate 
energy due to friction and internal motions. Rigidity is related to work done when deforming 
a material and hence the amount of energy a material can potentially store and lose. The 
energy loss of a viscoelastic material can be seen in a hysteresis loading-unloading loop 
(figure 2.13) where the energy dissipated is given by the area within the loop (Menard, 
2008).  
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Figure 2.13 – Stress strain hysteresis loops for a silicone disc specimen subjected to 8 
cycles of loading and unloading. The area highlighted yellow is the energy lost per unit 
volume. 
The dynamic modulus at a given angular frequency, E*(ω), is analogous to Young’s 
modulus at the equivalent loading rate. However, they are difficult to compare as E* is a 
dynamic property whereas Young’s modulus is taken from one test potentially up to failure. 
E* can be determined following multiple loading cycles or from a stress relaxation or creep 
tests. When a material is subjected to a sinusoidally varying stress or strain E* also takes into 
account the unloading of a material which is in contrast to Young’s modulus, which is 
typically calculated from the loading slope only.  
2.4.5 Stress Relaxation and Creep 
 
Viscoelastic materials exhibit stress relaxation and creep. Stress relaxation describes 
the decrease in stress that is observed when a viscoelastic material is held at a given strain 
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for a certain length of time. A graph of stress and strain against time representing stress 
relaxation can be seen in figure 2.14 (Ward and Sweeney, 2004). 
 
Figure 2.14 – Stress (blue) and strain (green) against time during stress relaxation. 
Creep describes the increase in strain that is observed over time when the stress 
induced in a viscoelastic material is held constant. An illustration of this can be seen in figure 
2.15 (Ward and Sweeney, 2004).  
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Figure 2.15 – Stress (blue) and time-dependent strain (green) during creep testing. 
 Briefly, the storage and loss moduli of viscoelastic materials, derived from E*, can be 
calculated from creep and stress relaxation curves using equation 2.6 (Arridge and Barham, 
1986; Aspden, 1991; Holmes and Hukins, 1996). 
 
 
𝐸∗(𝑓) = 𝐸𝑅 + 2𝜋𝑖𝑓 ∫ {𝐸(𝑡) − 𝐸𝑅} exp(2𝜋𝑖𝑓𝑡)  𝑑𝑡
∞
0
 
 
(2.6) 
where ER is the theoretical equilibrium value that the modulus will tend toward after such a 
time that all stress relaxation or creep are complete and E(t) is the value of modulus at time, 
t. The stress relaxation or strain increase (creep) exponential curves are analysed using 
Fourier transforms from which storage and loss modulus are calculated (Aspden, 1991; 
Holmes and Hukins, 1996).    
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2.4.6 Dynamic Mechanic Analysis 
 
Dynamic Mechanical Analysis (DMA) is another method of measuring the viscoelastic 
properties of a material. DMA can be used to characterise both the elastic and viscous parts 
of a material with storage (E’) and loss (E’’) moduli, respectively. DMA enables properties of 
viscoelastic materials to be found at a variety of frequencies. It is useful because it enables 
the short term effects of loading on viscoelastic properties to be found. This is in contrast to 
stress relaxation and creep tests which are useful for determining longer term effects on 
viscoelastic materials (Menard, 2008).  
DMA measures the time dependant response of a viscoelastic material as a phase lag, 
which is measured in degrees (°). This is different to creep and stress relaxation tests where 
an equilibrium modulus is used. A perfectly elastic material has a phase lag (δ) of 0° and a 
perfectly viscous material has a phase lag (δ) of 90° (Menard, 2008). 
DMA involves applying a known oscillating load, or displacement, to a structure in 
the form of a sinusoidal wave and then measuring the response. A representation of this can 
be seen in figure 2.16 where a sinusoidal load has been applied and the subsequent 
sinusoidal displacement has been measured.  
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Figure 2.16 – Sinusoidally varying load input and displacement response for a viscoelastic 
material. Tδ is the time lag between the two waves, phase lag (δ) can be calculated from 
this by multiplying by angular frequency (ω) (i.e. δ = ωTδ).   
Fourier analysis is then used to determine the fundamental frequencies and 
amplitudes of both the input and the response waveforms. The amplitude is from the peak 
to the trough of the waveform. The dynamic stiffness (k*) is then calculated using the load 
(La) and the displacement amplitude (Xa), see figure 2.16. 
 
 
𝑘∗ = 𝐿𝑎/𝑋𝑎  
(2.7) 
 The phase lag (δ) is calculated using the fundamental frequency waves found from 
the Fourier analysis. The time lag between the two waves (Tδ) is multiplied by the angular 
frequency (ω) which converts time to degrees and gives the phase lag (δ).  
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𝛿 = 𝜔𝑇𝛿  
 
(2.8) 
With values for dynamic stiffness (k*) and phase lag (δ), storage (k’) and loss stiffness 
(k’’) can then be found using the following formulae: 
 𝑘′ = 𝑘∗𝑐𝑜𝑠 𝛿 (2.9) 
 𝑘′′ = 𝑘∗𝑠𝑖𝑛 𝛿 (2.10) 
 
These formulae are derived from the relationship shown in figure 2.10. These 
stiffness values can be converted to moduli (E*, E’ or E’’) using a shape factor (S). For 
example, the shape factor for rectangular samples can be calculated from: 
 𝑆 = 𝑤𝑑/ℎ (2.11) 
  
where w is width, d is depth and h is height of the specimen (Menard, 2008).  
Both storage (k’) and loss (k’’) stiffness can be converted to storage (E’) and loss (E’’) 
moduli by diving by shape factor (S) (Fulcher et al., 2009). 
 𝐸′ = 𝑘′/𝑆 (2.12) 
 𝐸′′ = 𝑘′′/𝑆 (2.13) 
The main advantage of DMA is that it can determine viscoelastic properties quickly as 
opposed to creep and stress relaxation tests. The DMA software used in this thesis acquired 
data at varying rates from the sine waves depending on the value of the frequency so that 
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the entire sinusoidal waveform was accounted for in the data acquisition, i.e. at higher 
frequencies the data sampling rate was higher. Another issue with creep testing is that very 
high resolution data acquisition is required for the user to be able to calculate equivalent 
dynamic moduli at high frequencies. DMA is useful as variables such as frequency or 
temperature can be changed during testing (Menard, 2008). 
2.4.7 Mechanical Properties of the Bladder 
 
The mechanical properties of porcine and human longitudinal rectangular specimens 
of bladder, in terms of ultimate tensile strength and elastic modulus, have been shown to be 
similar by Dahms et al.(1998). The study reported ultimate tensile strength (UTS) values of 
0.32 MPa and 0.27 MPa, and also elastic moduli of 0.26 MPa and 0.25 MPa for porcine and 
human bladder, respectively. The study also investigated murine bladder using the same 
techniques and reported an ultimate tensile strength of 0.72 MPa and a modulus of 0.76 
MPa.  
Other uniaxial tests on porcine bladder rectangular specimens have been reported by 
Korossis et al. (2009), Zanetti et al. (2012) and Natali et al. (2015). The study by Korossis et 
al. (2009) found that in all regions of the bladder the ultimate tensile stresses exhibited by 
the longitudinal specimens was higher than that of the transverse specimens. For example, 
in the lateral region the longitudinal UTS was 1.6 MPa as opposed to 0.8 MPa in the 
transverse direction. Also using ramp tests they reported higher stiffnesses in the 
longitudinal direction for every region tested. Zanetti et al. (2012) reported on the 
differences in mechanical properties of the porcine bladder depending on the number of 
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cycles in terms of the secant modulus. This study also investigated the dynamic modulus 
calculated from stress relaxation. Natali et al. (2015) used cyclic tests at different strain rates 
to determine the stress-strain behaviour of porcine bladder rectangular strips and found 
higher stiffnesses in the transverse direction.  
In addition, other uniaxial tests on the bladder have been reported. Alexander (1971) 
identified three mechanical components of rat, cat and rabbit bladders during deformation, 
these were a rapid viscoelastic element, a slow plastoelastic element and a slow creep. 
Another study by Alexander (1976) investigated series elasticity of looped rat bladder 
specimens during stress relaxation and found that contractile cross bridges did not affect the 
elasticity measured. Work by van Mastrigt et al. (1978) investigated stress relaxation, pulsing 
and force extension of pig and dog bladders. They found that dog bladders exhibited ‘’mainly 
passive properties’’ whereas ‘’pig bladders showed more active properties’’. Griffiths et al. 
(1979) measured the active properties of pig bladder strips subjected to electrical simulation 
and found a linear increase in the force exerted (against time) by a ‘’pre-stretched’’ strip 
which rose to a maximum steady value and then decreased. Finkbeiner and O’Donnell (1990) 
‘‘stretched’’ guinea pig and rat bladder strips and found that the tension generated 
depended on the loading rate. 
There have also been studies which have investigated biaxial mechanical properties. 
Gilbert et al. (2008) found that that the pig bladder specimens they tested were stiffer in the 
longitudinal direction. Chen et al. (2013) also found that murine bladder exhibited higher 
stiffness in the longitudinal direction. Gloeckner et al. (2002) found that inactive spinal cord 
injured rat bladders (tested 10-14 days after injury) were consistently more compliant than 
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normal rat bladders. Finally, Nagatomi et al. (2004) investigated the stress relaxation of rat 
bladder also following spinal cord injury and found less stress relaxation in the spinal cord 
injured rats compared to control non spinal cord injured bladders. 
2.5 Shape Memory Alloys 
 
2.5.1 Shape Memory Effect 
 
A shape memory alloy is a material which exhibits a shape memory effect. The 
material can ‘remember’ a pre-set shape and, depending on the specific composition of the 
alloy, after deformation it will return to this shape either with heating or spontaneously. 
Heat recoverable strains exhibit shape memory and spontaneous recovery superelasticity. 
The most well known shape memory alloy, nickel titanium, was discovered at the US Naval 
Ordnance Laboratory and reported in 1963, hence the acronym Nitinol (Buehler et al., 1963; 
Gil and Planell, 1998; Otsuka and Wayman, 1999; Morgan and Broadley, 2004). 
2.5.2 Shape Memory 
 
A shape memory alloy (SMA) such as Nitinol, has the ability to ‘remember’ a pre-set 
shape and because of this can be trained to return to a particular shape when heated. This is 
due to the two solid phases that shape memory alloys have: martensite and austenite. When 
the SMA is at a lower temperature than its transition temperature it is in the martensite 
phase and has a specific crystal structure; these can be seen in figure 2.17 during the 
martensite states. Then, when the material is heated past its transition temperature, the 
crystal structure of the SMA changes to austenite. This crystal structure change is also called 
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a phase change and provides the means for the material to return to a set high temperature 
shape. Subsequently, when the material cools after heating, the crystal structure reverts to 
martensite. This phase change is also referred to as the one-way shape memory effect (Gil 
and Planell, 1998; Otsuka and Wayman, 1999).  
 
 
Figure 2.17 – Crystal structure change during loading and shape recovery of a shape 
memory alloy (adapted from Uehara et al. (2009)). 
2.5.3 Superelasticity 
 
The superelasticity phenomena exhibited by shape memory alloys can be defined as 
a material that will recover from an induced strain by just releasing the load applied to it. 
This is due to the material’s Austenite finish (Af) temperature being below the temperature 
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to which the material is being exposed. It is on this principle that shape memory alloy 
medical devices such as stents work (Gil and Planell, 1998; Otsuka and Wayman, 1999). 
2.5.4 Shape Memory Training 
 
This high temperature shape is trained into the material by fixing it in a desired 
position and heating it to a high temperature, somewhere in the range of 450 – 550 °C, for a 
time ranging from 5 to 25 minutes. These parameters are variable depending on the specific 
composition of the Nitinol and the transition temperature that is desired. When the alloy is 
below the transition temperature it can be deformed to any shape and when heated past 
the transition temperature it will return to the trained high temperature shape, hence, 
demonstrating the one-way shape memory effect (Otsuka and Wayman, 1999; Morgan and 
Broadley, 2004). 
2.5.5 Two-way Shape Memory Effect 
 
The two-way shape memory is another phenomena exhibited by shape memory 
alloys. Effectively both high and low temperature (austenite and martensite) shapes can be 
trained into the material. The difference from the one-way shape memory effect is that with 
the two-way effect, when cooling from the austenite phase to the martensite, the material 
changes shape rather than just remaining in the same austenite shape (Gil and Planell, 
1998). The difference can be seen in figure 2.18. 
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Figure 2.18 – One-way (left column) and two-way (right column) shape memory effect. 
Where a) is the starting martensite shape, b) is the deformed martensite shape, c) is the 
heated austenite shape and d) is the cooled martensite shape (adapted from Gil and 
Planell (1998)). 
The two way shape memory effect can be trained into a shape memory alloy by 
deforming the material, when cooling from austenite to martensite, to a desired shape. This 
two-way training needs to be repeated multiple times for the material to effectively conform 
to a low temperature shape without external forces (Gil and Planell, 1998; Luo and Abel, 
2007; Fortini et al., 2014). 
2.5.6 Medical Applications of Shape Memory Alloys 
 
Nitinol is the shape memory alloy that is predominantly used in medical applications. 
Although Nitinol alloys are more expensive than stainless steels, they are attractive for use 
within the body. They are non-magnetic, they possess physical properties which more 
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accurately mimic the mechanical behaviour of human tissues and bones, they are bio-
compatible, they exhibit high corrosion resistance (better than stainless steel) and they can 
be manufactured to respond to body temperature (Machado and Savi, 2003; Mohd Jani et 
al., 2014).  
After discovery in 1962, the first main medical application of Nitinol was in 
superelastic orthodontic braces. One of the most popular uses of shape memory alloys are in 
cardiovascular devices such as stents. Shape memory stents are preferable to stainless steel 
as they can exert an outward force and are more compliant so can bend to the contours of 
blood vessels. Shape memory alloys are also used in medical devices such as bone plates, 
medical tweezers, anchors, implants, eyeglass frames and guide wires (Machado and Savi, 
2003; Mohd Jani et al., 2014). Nitinol devices such as stents and graspers for kidney stones 
(Kourambas et al., 2000) are ideal for use in the body as they can be inserted through small 
incisions or through orifices via catheters and expand once positioned in the correct place. 
2.5.7 Other Shape Memory Materials 
 
Certain polymers, such as: polynorbornene, poly(trans-isoprene), styrene-butadiene 
copolymers and polyurethane elastomers, can also exhibit the shape memory effect. In 
comparison to Nitinol, which can recover strains up to 8% (van Humbeeck, 1999; Liu et al., 
2007), shape memory polymers (SMPs) allow for deformations of up to 400% (Lendlein and 
Langer, 2002). SMPs are also cheaper than SMAs, are less dense and can be biodegradable in 
addition to biocompatible (Liu et al., 2007).  
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 Lendlein and Langer (2002) have described a biodegradable, biocompatible suture 
which is able to provide tension to hold together the edges of an incision or wound to aid 
the healing process. SMPs do however, depending on the specific polymer, have slower 
return speeds and, as would be expected, have lower Young’s moduli (Liu et al., 2007) which 
will prevent use in certain structural applications. 
2.6 Chapter Summary 
 
This background chapter can be summarised as follows: 
 The urinary bladder is part of the urinary system and is responsible for the storage 
and release of urine. 
 Non-muscle invasive bladder cancer has a high recurrence rate which is, in part at 
least, caused by the dated gold standard method of surgery used for treatment, 
transurethral resection of bladder tumours (TURBT). 
 Dynamic mechanical analysis is a dynamic method which can be used to measure the 
viscoelastic properties of a material. 
 Shape memory alloys have the ability to ‘remember’ a pre-set shape or shapes. 
Transformation to a pre-set shape can be induced using heat. 
 
Chapter 3 – Frequency Dependant Viscoelastic Properties of Porcine Bladder  40 
 
3 Frequency Dependant Viscoelastic Properties of Porcine Bladder 
3.1 Introduction 
 
The aim of this chapter was to use Dynamic Mechanical Analysis (DMA) to measure 
the viscoelastic properties of porcine bladder tissue. Bladder tissue is a viscoelastic material, 
but the exact bladder tissue stiffness response to a frequency sweep is unknown. 
Viscoelastic structures can be defined by storage (k’) and loss stiffness (k’’). Storage stiffness 
characterises the structure’s ability to elastically store energy and loss stiffness characterises 
the structure’s ability to dissipate energy that is lost due to the viscous processes occurring 
in the structure, viscoelastic materials are described in section 2.4.4. Previous studies on the 
bladder have investigated stress relaxation (van Mastrigt and Nagtegaal, 1981), elastic 
modulus (Dahms et al., 1998) and also the cyclic stress-strain properties (Zanetti et al., 
2012).  However, none have measured the viscoelastic properties, in terms of storage and 
loss stiffness, over a frequency range.  A detailed understanding of bladder viscoelasticity is 
vital for developing accurate computational models of the bladder, for the development of 
replacement materials and to test the suitability of current autograft techniques, such as the 
creation of a ‘neobladder’ from part of the patient’s bowel (Pokrywczynska et al., 2014). 
 This chapter describes the DMA testing of porcine bladder tissue. Section 3.2 
describes the materials and methods used to find the viscoelastic properties of porcine 
bladder tissue and the preliminary testing that was conducted. Section 3.3 details the results 
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found from the DMA. Section 3.4 discusses the significance of the results found and section 
3.5 outlines the general conclusions. 
3.2  Materials and Methods 
 
3.2.1 General Methods 
 
Ex vivo whole porcine bladders were supplied by Fresh Tissue Supplies (East Sussex, 
UK). The bladders were of mixed sex from pigs all under a year old. Hashitani and Brading 
(2003) have concluded that, “pig bladders provide a suitable model to investigate human 
bladder function” when looking at the function of the detrusor muscles. Once received the 
specimens were wrapped in tissue paper, soaked in Ringer’s solution (Oxoid Ltd, 
Basingstoke, UK), placed in heat sealed plastic bags and stored in a freezer at -40°C. Previous 
studies have shown that freezing and thawing does not affect the mechanical properties of 
biological tissues such as: vocal tissue (Chan and Titze, 2003), ligaments (Woo et al., 1986) 
and articular cartilage (Szarko et al., 2010). When specimens were required for testing, 
bladders were defrosted at room temperature, soaked in Ringer’s solution for around three 
hours and then dissected. All subsequent testing was carried out in a controlled environment 
at room temperature, 20°C. 
3.2.2 Porcine Bladder Pressure Experiment 
  
To evaluate the typical loads that a porcine bladder would experience, a pressure 
volume experiment was conducted. Eight porcine bladders were catheterised using clear 
tubing (inside diameter of 3.5 mm and outside diameter of 5.5 mm) and cable ties. The 
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tubing was inserted through the urethra until the start of the tubing is at the base of the 
trigone region, then two cable ties were fastened around the urethra and tubing (both 
Fischer Scientific, UK). The tubing was then connected to a differential pressure transducer 
(Gaeltec Devices Ltd, Dunvegan, UK) and filled 50 ml at a time with water using a three way 
valve and a 60 ml syringe (both Fischer Scientific, UK). The catheterised bladders were set up 
in a funnel at the same height as the reference pressure to give a zero reading. The pressure 
transducer required a 3 V, 0.1 A direct current power supply (RS Components, UK) and 
pressure readings were measured using a multimeter (Fischer Scientific, UK) in mV. Prior to 
the study the pressure transducer was calibrated using the same equipment and supply 
against pressure head calculations which can be found in appendix A. It should be noted that 
the mean voltage against pressure head graph included in appendix A does include 1 
standard deviation vertical error bars, however, they are difficult to see as they were small. 
The equation below shows the conversion of voltage (V) to pressure (P): 
 𝑃 =
𝑉 − 0.8788
0.0242
 
 
(3.1) 
 
The test setup can be seen in figure 3.1. 
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The maximum diameter of the filled bladder was also measured for each volume 
using Vernier callipers (Fischer Scientific, UK). By approximating the shape of the bladder to 
a sphere this enabled the calculation of the inner surface area (A) of the bladder. The 
thickness change during filling was assumed to be negligible. The inner surface area, A, was 
calculated using: 
 𝐴 =  4𝜋𝑟𝑖
2 
 
(3.2) 
 
where ri is the horizontal inner radius of the bladder.  
 To get the value for the horizontal inner radius (ri) of the bladder the following 
equation was used: 
 𝑟𝑖 =
(𝐷𝑜 − (2𝑡))
2
 
 
(3.3) 
 
where t is the bladder wall thickness. A schematic of the bladder and the associated 
geometries that are used can be found in appendix B. 
 The average bladder wall thickness was measured from 28 specimens as 5.0 mm with 
a standard deviation of 1.1 mm. This value was used for t for all volumes. The force, F, on the 
bladder wall at specific points could then be calculated from: 
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 𝐹 =  𝑃𝐴 
 
(3.4) 
 
where P is pressure. 
3.2.3 Porcine Bladder Pressure Experiment Results 
 
Stress or pressure relaxation was observed. Each time the Bladder was filled with 50 
ml of water initially a high mV reading was seen which steadily decreased. This relaxation 
was no longer noticeable after around 120 s. Therefore, the pressure was allowed to 
stabilise for around 120 s, after which the pressure was recorded.  The average force results 
at different volumes can be seen in figure 3.2. 
 
  Figure 3.2 – Average force (N) against volume (ml) during bladder filling, error bars 
represent one standard deviation. 
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A force range of 10 – 110 N was seen for the entire bladder. During preliminary 
uniaxial testing of bladder specimens it was found that only the lower end of these forces 
could be reached due to the low stiffness of the material and the low travel of the uniaxial 
testing machine that was used. This was expected as the bladder specimens being used were 
only a proportion of the entire bladder. Furthermore Ganong and Barrett (1997) state that 
the bladder feels full at around 400 ml and the first urge to micturate is felt at 150 ml. This 
corresponds with the lower end of the forces found in figure 3.2.  
3.2.4 Uniaxial Testing Methods 
 
Two methods of tensile DMA were used in this study; the first made use of looped 
bladder specimens and the second rectangular specimens. The rectangular specimens made 
use of grips that are standard in biological material mechanical testing; however, a problem 
with this type of testing is slipping of the specimen out of the grips during loading. 
Therefore, looped specimens were also incorporated into the study to identify whether 
there was a difference between the two. The specimens were initially prepared by dissecting 
the bladders using three cuts (figure 3.3), made using surgical scissors (Fischer Scientific, UK). 
The dissection resulted in four areas of bladder: two looped central areas of the bladder, the 
dome region and the trigone region with ureters and urethra attached. 
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Figure 3.3 - Initial dissection lines of bladder specimens. Dome region (a), two central 
regions (b & c) and the trigone region (d).  Lines indicate where cuts were made. 
Experimental specimens were obtained from the two central regions of the bladder 
(areas b and c in figure 3.3). These were the regions where looped specimens were easily 
obtainable. Rectangular specimens were also obtained from this region to preserve 
consistency in the method of testing. For the rectangular specimens the central looped 
regions were dissected again with two more cuts, to create two strips from one looped 
specimen. These cuts were always in the same anatomical location, laterally aligned to the 
ureters.   
The viscoelastic properties of the bladder specimens were determined from DMA 
using a Bose Electroforce 3200 testing machine coupled with WinTest DMA software (Bose 
Corporation, Electroforce Systems Group, Minnesota, USA). Patel et al. (2008) have given full 
details of the Bose Electroforce 3200 testing machine including maximum errors of the 225 
N load cell and the 6.5 mm displacement transducer which are 0.21 % and 0.49 % of their 
respective full scales. Previously Bose testing machines have been used for tensile testing of 
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biological materials including heart chordae and bladder (Millard et al., 2011; Zanetti et al., 
2012). 
Custom-designed fixtures were manufactured to enable the testing of both looped 
and rectangular specimens; the engineering drawings for these jigs can be seen in appendix 
C. Each fixture consisted of two identical but separate parts to fasten the bladder specimens 
to the base and actuator of the testing machine (figure 3.4). The fixtures for the looped 
specimens consisted of two horizontal cylinders that the loops were secured around. The 
rectangular fixtures consisted of two horizontal grips that were supplemented with fine 
sandpaper to prevent slippage. The grips were fastened to the specimen by turning two 
horizontal screws, creating a compressive force on the top and bottom of the specimen.  
Tensile preloads of approximately 10 N and 20 N were applied to the rectangular and 
looped specimens, respectively. These were achieved by attaching the specimens to the jigs 
and then moving the base stage of the testing machine downwards, loading the specimen. 
Double the preload was exerted on the looped specimens as there were two load bearing 
structures as opposed to one for the rectangular specimens. These preloads were necessary 
to ensure that specimens remained on the fixtures during testing. The specimens were then 
allowed to relax for 2 minutes as this was the previously observed time when any stress 
relaxation stopped (section 3.2.3). The preloaded specimens of bladder were covered with 
tissue paper soaked in Ringer’s solution so that the specimen did not dehydrate during 
testing. This is consistent with procedures previously described by Öhman et al. (2009) and 
Wilcox et al. (2014) for testing tendons and heart chordae, respectively.  
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Figure 3.4 - Fixtures for testing the specimens of bladder (a) looped specimens; (b) 
rectangular specimens. 
The WinTest software uses readings of force and displacement from the load cell and 
displacement transducer and from this dynamic stiffness (k*) and the phase lag (δ) are 
calculated. Dynamic stiffness was found using Fourier analysis to determine the ratio of load 
to displacement. The phase lag was also found using Fourier analysis to determine the phase 
difference between the load and displacement. The method the software used is described 
in detail in section 2.4.6. Storage (k’) and loss stiffness (k’’) were then calculated from: 
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 𝑘’ = 𝑘∗ 𝑐𝑜𝑠 𝛿 
 
(3.5) 
 
 𝑘’’ = 𝑘∗  𝑠𝑖𝑛 𝛿 
 
(3.6) 
 
3.2.5 Preliminary Testing 
  
Due to the high stress relaxation of bladder tissue, load controlled DMA testing was 
not possible and therefore displacement control was used. A sinusoidally varying 
displacement was applied to the specimens between 2.5 mm and 5.5 mm; this corresponded 
to the lower end of the force range found in section 3.2.3. 
The looped specimens were initially tested in the range of 0.01 – 30 Hz. Four 
specimens were tested from 0.01 – 30 – 0.01 Hz; a separate four specimens were tested 
from 30 – 0.01 – 30 Hz. The rectangular specimens were tested in the same manner but in 
the range 0.01 – 10 Hz as the specimens were slipping in the grips at the higher frequencies. 
There were 13 test frequencies in the stated ranges with a dwell time of 10 seconds in 
between each frequency. The specimens were tested in these orders to investigate whether 
the order of the frequency sweep altered storage stiffness (k’) and loss stiffness (k’’) and 
whether pre-cycling would be necessary. Typical results for each of the four test parameters 
can be seen in figures 3.5 to 3.8. 
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Figure 3.5 - Storage (k’) and loss stiffness (k’’) against frequency (f) for an individual 
looped specimen. The frequency range tested was 0.01 – 30 – 0.01 Hz. In the key U 
refers to Up i.e. increasing frequency and D to Down i.e. decreasing frequency. 
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Figure 3.6 - Storage (k’) and loss stiffness (k’’) against frequency (f) for an individual 
looped specimen. The frequency range tested was 30 – 0.01 – 30 Hz. In In the key U 
refers to Up i.e. increasing frequency and D to Down i.e. decreasing frequency. 
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Figure 3.7 - Storage (k’) and loss stiffness (k’’) against frequency (f) for an individual 
rectangular specimen. The frequency range tested was 0.01 – 10 – 0.01 Hz. In the key 
U refers to Up i.e. increasing frequency and D to Down i.e. decreasing frequency. 
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Figure 3.8 - Storage (k’) and loss stiffness (k’’) against frequency (f) for an individual 
rectangular specimen. The frequency range tested was 10 – 0.01 – 10 Hz. In the key U 
refers to Up i.e. increasing frequency and D to Down i.e. decreasing frequency. 
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It was seen that pre-cycling did affect the tests as the first results for storage and loss 
stiffness on figure 3.5 and figure 3.7 differed from the general trend. In figure 3.6 and figure 
3.8 the increasing curve fits of the storage stiffness from 0 to 2.5 Hz showed repeatable  
trends with high R2 values for logarithmic curve fits (R2 > 0.85), this was put down to the 
effect of pre-cycling from earlier frequencies. With pre-cycling, in the form of earlier 
frequencies, repeatable trends were seen whether the frequency was increasing or 
decreasing.  
Preliminary testing showed that the results were similar whether the frequency 
started at 0.01 Hz and was increased, or started at 5 or 10 Hz and decreased. It was decided 
that for the actual tests increasing frequencies would be used as this is a standard approach 
in frequency sweep DMA studies (Wilcox et al., 2014; Fulcher et al., 2009). Negative 
stiffnesses were observed in all of the preliminary tests (figures 3.5 to 3.8). This was due to 
lateral vibration of the specimens and was used to identify the frequency limits of the test. 
Therefore, a frequency range with only positive stiffness values was selected for the actual 
tests.  
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3.2.6 Final Testing 
 
The length, width and thickness of each specimen were measured with Vernier 
callipers (Fischer Scientific, UK) by taking three measurements. Table 3.1 shows the mean 
and standard deviation of the dimensions of the prepared specimens. 
Table 3.1 - Dimensions (mean and standard deviation) of the looped and rectangular 
specimens. 10 looped and 18 rectangular specimens were tested. 
 
Loop Rectangular 
 
Length 
(mm) 
Width 
(mm) 
Thickness 
(mm) 
Length 
(mm) 
Width 
(mm) 
Thickness 
(mm) 
Mean 54.5 24.0 4.7 59.3 25.6 5.0 
Std 
Deviation 
4.8 2.8 1.1 9.9 3.9 1.1 
       
A sinusoidally varying displacement was applied to the specimens between 2.5 mm 
and 5.5 mm. Both types of specimens were tested in 11 steps with increasing frequencies: 
between 0.01 and 10 Hz (looped specimens) and between 0.01 and 5 Hz (rectangular 
specimens), as shown in Table 3.2. Both the rectangular and looped specimens were also 
subjected to 120 seconds of precycling at 5 and 10 Hz, respectively. The same dwell time of 
10 seconds was used in between frequencies. The same displacement of between 2.5 and 
5.5 mm was used during the precycling. Therefore, the specimens were preconditioned 
before testing. This is consistent with testing of other soft tissues (Öhman et al., 2009; 
Wilcox et al., 2014). 
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Table 3.2 - Testing frequencies for looped and rectangular bladder specimens. 
Testing Order 
Looped 
Specimens (Hz) 
Rectangular 
Specimens (Hz) 
1 0.01 0.01 
2 0.05 0.05 
3 0.1 0.1 
4 0.25 0.25 
5 0.5 0.5 
6 0.75 0.75 
7 1 1 
8 2.5 2 
9 5 3 
10 7.5 4 
11 10 5 
 
 All statistical analysis of the data was undertaken using Minitab (Version 15.1.20.0, 
Minitab Inc., Pennsylvania, USA). The significance of the curve fits generated for storage and 
loss stiffness was tested using regression analysis to generate p-values. If the p-value was 
less than 0.05, the curve fit of the relationship was significant (Reilly, 2015). 
3.3  Results 
  
Figures 3.9 and 3.10 show three specimen results from the looped and rectangular 
tests, respectively. All the storage stiffness results follow the same trend, with initially 
increasing storage stiffness with frequency and then a decrease at higher frequencies. The 
loss stiffness results follow the same shallow gradient linear increase with increasing 
frequency. 
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Figures 3.11 and 3.12 show the average results for looped and rectangular 
specimens, respectively. In figure 3.11 (loop) the storage stiffness increased up to a stiffness 
of around 2 N/mm and then decreased at higher frequencies. The loss stiffness increased 
from 0.25 to 0.30 N/mm over the frequency range. In figure 3.12 (rectangular) the storage 
stiffness increased up to a stiffness of around 0.80 N/mm and then decreased at higher 
frequencies. The loss stiffness increases from 0.10 to 0.13 N/mm over the frequency range. 
The loss stiffness was lower than storage stiffness for all frequencies tested. 
The trends for storage stiffness were described by two curve fits: a logarithmic fit 
(equation 3.7) from 0.01 to 1 Hz and a second order polynomial fit (equation 3.8) for the 
remainder of the frequency sweep. No fitting of physical models, such as spring mass 
damper systems, was attempted as storage and loss modulus do not necessarily inform 
spring or damping coefficients. The values for coefficients A, B, C, D and E can be found in 
table 3.3. These curve fits showed a strong correlation with R2 values of 0.77 and above 
(most between 0.9 and 1) and all had p-values of less than 0.05 showing that they were 
significant. 
 
 
𝑘’ = 𝐴𝑙𝑛(𝑓) + 𝐵 for 0.01 < 𝑓 ≤ 1 
 
(3.7) 
 
 
 
𝑘′ = 𝐶(𝑓2) + 𝐷(𝑓) + 𝐸 for 𝑓 ≥ 1 
 
(3.8) 
 
where 𝑘’ is the storage stiffness and 𝑓 is the frequency. 
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The average storage stiffness curve fits for the looped specimens were: 
 
 
𝑘’ = 0.0455𝑙𝑛(𝑓) + 1.951  for 0.01 < 𝑓 ≤ 1 
 
(3.9) 
 
 
 
𝑘′ = −0.0073(𝑓2) + 0.0529(𝑓) + 1.9207 for  1 ≤ 𝑓 < 10 
 
(3.10) 
 
The average storage stiffness curve fits for the rectangular specimens were: 
 
 
𝑘’ = 0.0202𝑙𝑛(𝑓) + 0.7912   for 0.01 < 𝑓 ≤ 1 
 
(3.11) 
 
 
 
𝑘′ = −0.0129(𝑓2) + 0.0293(𝑓) + 0.7733  for  1 ≤ 𝑓 < 5  
 
(3.12) 
 
 Both types of specimen also exhibited the same trends for loss stiffness, which has 
been described by a linear fit (equation 3.13). The coefficients F and G can be found in table 
3.3. These linear fits showed strong correlation with R2 values of 0.63 and above (most 
between 0.85 and 0.93) and all had p < 0.05 showing that they were significant. 
  𝑘′′ = 𝐹(𝑓) + 𝐺  
 
(3.13) 
 
where 𝑘′′ is the loss stiffness and 𝑓 is the frequency. 
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The average loss stiffness curve fits for the looped (equation 3.14) and rectangular 
specimens (equation 3.15) were:  
 
 
 𝑘′′ = 0.009(𝑓) + 0.226  for 0.01 < 𝑓 < 10 
 
(3.14) 
 
 
 
 𝑘′′ = 0.0093(𝑓) + 0.0984  for  0.01 < 𝑓 < 5  
 
(3.15) 
 
Storage (E’) and loss moduli (E’’) can also be used to describe materials and they are 
calculated by dividing the relevant stiffness by a shape factor (Fulcher et al., 2009). The 
shape factor for rectangular specimens was calculated from: 
  𝑆 = 𝑤𝑑/ℎ                        
 
(3.16) 
 
where, 𝑤 is width, 𝑑 is depth and ℎ is height (Menard, 2008). 
 For example, the storage stiffness of specimen 13 at 0.01 Hz is 0.44 N/mm and the 
equivalent storage modulus (E’) is 0.21 MPa. The mean storage and loss modulus of the 
rectangular specimens can be seen in figure 3.13. However, stiffness is used to compare the 
results in this study as no appropriate shape factor approximation for looped specimens was 
found.  
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Figure 3.9 - Storage (k’) and loss stiffness (k’’) against frequency (f) for three individual 
looped specimens. k’1 refers to the data points subjected to the first curve fit of storage 
stiffness up to 1 Hz (characterised by equation 3.7) and k’2 refers to the  data points 
subjected to the second curve fit of storage stiffness up to the end testing frequency 
(characterised by equation 3.8). The loss stiffness (k’’) curve fit is characterised by 
equation 3.13. 
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Figure 3.10 - Storage (k’) and loss stiffness (k’’) against frequency (f) for three individual 
rectangular specimens. k’1 refers to the data points subjected to the first curve fit of 
storage stiffness up to 1 Hz (characterised by equation 3.7) and k’2 refers to the  data 
points subjected to the second curve fit of storage stiffness up to the end testing 
frequency (characterised by equation 3.8). The loss stiffness (k’’) curve fit is characterised 
by equation 3.13. 
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Figure 3.11 - Storage (k’) and loss stiffness (k’’) against frequency (f) for looped specimens.  
Data points represent the average values, with one standard deviation error bars. k’1 
refers to the data points subjected to the first curve fit of storage stiffness up to 1 Hz 
(described by equation 3.9) and k’2 refers to the data points subjected to the second curve 
fit of storage stiffness up to the end testing frequency (described by equation 3.10). The 
loss stiffness (k’’) curve fit is described by equation 3.14. 
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Figure 3.12 - Storage (k’) and loss stiffness (k’’) against frequency (f) for rectangular 
specimens. Data points represent the average values, with one standard deviation error 
bars. k’1 refers to the data points subjected to the first curve fit of storage stiffness up to 1 
Hz (described by equation 3.11) and k’2 refers to the  data points subjected to the second 
curve fit of storage stiffness up to the end testing frequency (described by equation 3.12). 
The loss stiffness (k’’) curve fit is described by equation 3.15. 
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Figure 3.13 - Storage (E’) and loss modulus (E’’) against frequency (f) for rectangular 
specimens. Data points represent the average values, with one standard deviation error 
bars. E’1 refers to the data points subjected to the first curve fit of storage stiffness up to 1 
Hz (described by equation 3.11) and E’2 refers to the  data points subjected to the second 
curve fit of storage stiffness up to the end testing frequency (described by equation 3.12). 
The loss stiffness (E’’) curve fit is described by equation 3.15. 
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3.4  Discussion 
 
The objective of this chapter was to investigate the viscoelastic properties of bladder 
tissue. Bladder tissue was found to be viscoelastic throughout the frequency range tested. 
Both the looped and rectangular bladder specimens showed consistent trends for storage 
and loss stiffness, where the same curve fits were used for both types of specimen. Similar 
curve fits have been used in many other studies to describe viscoelastic properties of tissues 
including articular cartilage (Fulcher et al., 2009) and heart chordae (Wilcox et al., 2014). In 
this study the loss stiffness (k’’) exhibited similar results throughout the frequency sweep 
with a near constant value over the frequency range; a similar trend has been seen in other 
viscoelastic tissues such as articular cartilage (Fulcher et al., 2009) and chordae tendineae 
from the heart (Wilcox et al., 2014). Storage stiffness (k’) however showed an initially 
increasing trend at low frequencies and then a decreasing trend at higher frequencies. 
Furthermore, the storage stiffness of the tissue did not change greatly throughout the test; 
the average minimum value was 82% of the maximum value. The findings for storage 
stiffness are in contrast to the same findings for articular cartilage (Fulcher et al., 2009) and 
heart chordae (Wilcox et al., 2014) where an increasing trend was found.  
The range of frequencies tested varied from very low (0.01 Hz) to high (5 or 10 Hz) 
and this was intended to show the bladder response at physiological and traumatic 
conditions, respectively. The results indicate that the stiffness values at these frequencies 
were similar, with average storage stiffness values of 1.78 N/mm (low frequency), 1.74 
N/mm (high frequency) and 0.71 N/mm (low frequency), 0.61 N/mm (high frequency) for 
Chapter 3 – Frequency Dependant Viscoelastic Properties of Porcine Bladder 68 
 
looped and rectangular specimens, respectively. It was expected that the results would be 
quite similar for the two different types of specimen. This was because the looped 
specimens, which had two load bearing structures, received a preload of 20 N and the 
rectangular specimens, which had one load bearing structure, received a preload of 10 N. 
However, this was not the case as the storage stiffness results for the looped specimens are 
more than two and a half times that of the rectangular specimens. 
The majority of previous mechanical testing of bladder studies have used rectangular 
specimens to test a variety of bladder muscle uniaxially (Finkbeiner and O’Donnell, 1990; van 
Mastrigt et al., 1978; Griffiths et al., 1979; Alexander, 1971). However, testing of looped 
specimens has been described in relation to bladder tissue by Alexander (1976) whilst 
testing series elasticity of rat bladders. Looped uniaxial testing was incorporated into this 
study to attempt to more closely imitate the function of the bladder but also to serve as a 
comparison for the rectangular uniaxial testing. It was shown that comparatively higher 
stiffness values were recorded in the looped specimens and therefore multidirectional 
tension of bladder tissue stresses the tissue in a manner that makes it become stiffer and 
able to elastically store more energy during deformation. No other studies have compared 
the properties of bladder using the two methods described in this study.  
Previous studies have found mechanical properties for rectangular transverse lateral 
sections of the bladder. Zanetti et al. (2012) found the secant modulus to be 0.1 - 0.45 MPa; 
secant modulus is similar to Young’s modulus, however, the modulus is taken from the origin 
to anywhere on the stress strain curve. Korossis et al. (2009) found the elastin phase slope to 
be 0.04 MPa and the collagen phase slope to be 0.6 MPa. The phase slope is similar to 
Chapter 3 – Frequency Dependant Viscoelastic Properties of Porcine Bladder 69 
 
Young’s modulus, however, the phase slope can be taken from any two points on the stress 
strain curve, and it is also sometimes referred to as the tangential modulus. In another study 
Dahms et al. (1998) found the elastic modulus as 0.26 MPa. All of these studies used static 
stress strain experiments. The average dynamic modulus for the rectangular specimens for 
this investigation was 0.36 MPa which is comparable to the range found by Zanetti et al. 
(2012). However, there are difficulties when comparing our results with material properties 
reported in the literature because viscoelastic properties are by definition rate dependant. 
Therefore, comparisons made for the results obtained at different frequencies and strain 
rates can be misleading. 
A study by Gilbert et al. (2008) states that collagen fibres, which are responsible for 
the mechanical response of the tissue, are predominantly aligned in the longitudinal 
direction. This may justify the low stiffness as the looped and rectangular specimens were 
tested in the transverse direction. Furthermore, bladder tissue has little elastin in any region 
of the bladder (Korossis et al., 2009). Elastin stores the elastic energy of the material (Silver 
et al., 2001) and the lack of elastin may account for the high deformation of the bladder 
tissue both after the bladder pressure experiment (section 3.2.2) and during the preloading 
of the DMA testing (section 3.2.6). 
If a similar study is performed on human bladder tissue the results of this study can 
be used to determine whether porcine bladders are a good comparison model. This has 
been done previously with corneas and arteries (Zeng et al., 2001; van Andel et al., 2003). If 
the results from this study are validated by a human study then new urological procedures 
can be confidently tested on porcine bladders before being trialled in humans.  
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Any tissue engineered bladder tissue can also be compared to the values found in 
this study to determine if they have suitable viscoelastic properties. So far there has been 
clinical experience in the implantation of tissue engineered bladders, albeit limited (Li et al., 
2014; Atala, 2011). Some partial cystectomy procedures involve the use of autologous 
material as a replacement material for the bladder (Pokrywczynska et al., 2014). The 
mechanical appropriateness of the small intestine and other autologous replacement tissues 
can now be tested. It is hoped that a material better suited to the role of replacement 
bladder for urine storage can be found without the associated adverse effects, such as 
excess mucus production and electrolyte imbalance (Pokrywczynska et al., 2014). 
Understanding the viscoelastic properties of bladder tissue is also important for 
computer simulations of bladders such as Finite Element Analysis (FEA) or Computational 
Fluid Dynamics (CFD) studies which include bladder deformation. The correct viscoelastic 
properties need to be used for meaningful models. Previous CFD studies of the bladder have 
assumed the bladder wall to be rigid (Jin et al., 2010) or have simulated the contracting 
detrusor muscle as fluid pressure (Pel and van Mastrigt, 2007). For example, an application 
of the results from this study into an extended FEA model to include CFD, a Fluid Structure 
Interaction (FSI) model,  could involve the investigation of tumour cell re-implantation during 
transurethral bladder tumour resection (Bryan et al., 2010). The results from this study 
would also be able to validate FE (Finite Element) models, FEA could then be used to model 
the traumatic deformation of the bladder during a road traffic accident or to find the 
allowable probing force during transurethral resection of bladder tumour surgery (TURBT). 
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One possible limitation of this study was the freezing of specimens prior to testing. It 
is generally accepted that freezing does not influence the mechanical properties of biological 
materials. The majority of previous studies including tests on vocal tissue (Chan and Titze, 
2003), ligaments (Woo et al., 1986) and articular cartilage (Szarko et al., 2010), state that 
there is no effect. However, other studies disagree with such findings, for example 
Venkatasubramanian et al. (2006) concluded that the freezing of porcine femoral arteries 
does affect its mechanical properties. Freezing technique is also important and Pelker et al. 
(1984) describe that freeze drying reduces the torsional strength of long rat bones when 
compared to freezing alone. As all specimens tested in the current study underwent the 
same storage procedures, it would not be expected that the trends found would be affected 
by freezing. 
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3.5  Chapter Summary 
 
The conclusions of this chapter are as follows: 
 Porcine bladder tissue is viscoelastic through the range of frequencies tested, 0.01 to 
5 or 10 Hz. 
 The viscoelastic relationship changed with respect to frequency, where the average 
stiffness values were: 1.89 N/mm (storage) and 0.24 N/mm (loss) for the looped 
specimens and 0.74 N/mm (storage) and 0.11 N/mm (loss) for the rectangular 
specimens. 
 Potential applications of these study findings include: enabling the use of porcine 
bladder as a comparable model to human bladder; comparisons to any tissue 
engineered or autologous bladder material; Finite Element Analysis and 
Computational Fluid Dynamic modelling of the bladder. 
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4. Viscoelastic Properties of Human Bladder Tumours 
 
4.1 Introduction 
 
The aim of this chapter was to determine the viscoelastic properties of human 
bladder tumours. These properties have rarely been studied, despite such data being highly 
relevant to the development of improved surgical devices, diagnostic tools, computational 
models and surgical trainers.  Previous studies on tumours have investigated the Young’s 
modulus of bladder tumour cells (Lekka et al., 1999; Lekka et al., 2001; Lekka et al., 2012), 
but did not take into account the likelihood of a tumour being viscoelastic, as is the case for 
the normal bladder tissue tested in chapter 3. Further, these studies only considered the 
properties at a cellular level and not at the tissue level. Testing at the tissue level is 
important as replacement is conducted at this scale, and there will be differences in how 
cells mechanically behave when they form a tissue structure. Viscoelastic material properties 
are important as they account for the time dependent nature of a biological tissue’s 
mechanical behaviour. For example, the Young’s modulus of a tissue will change depending 
on the loading/strain rate that is applied.  This chapter describes the use of Dynamic 
Mechanical Analysis (DMA) to quantify the frequency-dependent viscoelastic properties of 
human bladder tumours on the macro scale in terms of storage (E’) and loss (E’’) modulus. 
Section 4.2 details the preliminary testing and the materials and methods used for the final 
testing, including obtained ethical permission. Section 4.3 describes the results in terms of 
storage and loss modulus, section 4.4 discusses the significance of the results and their 
potential applications and finally section 4.5 summarises the chapter. 
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4.2 Materials and Methods 
 
4.2.1 Preliminary Testing Methods 
 
As the author was aware that the availability of human bladder tumours would be 
low, all preliminary testing was conducted on porcine bladder supplied by Fresh Tissue 
Supplies (East Sussex, UK). Once defrosted, using Ringer’s solution (Oxoid Ltd, Basingstoke, 
UK), from a -40 °C freezer, areas of the central region of three porcine bladders (the central 
region is detailed in section 3.2.4) were dissected into rectangular specimens roughly similar 
to the geometries of the human tumours described later in this chapter. These geometries 
were estimated to be 15 mm x 10 mm x 5 mm by the medical researchers and surgeons Dr 
Richard Bryan, Mr Prashant Patel and Mr Richard Viney of the Institute of Cancer and 
Genomic Sciences, University of Birmingham and Queen Elizabeth Hospital Birmingham. The 
bladder specimens were cut using surgical scissors (Fischer Scientific, Loughborough, UK) 
after which each specimen was measured using Vernier callipers (Fisher Scientific, 
Loughborough, UK) with a precision of 0.1 mm.   
Tensile DMA was attempted initially, for consistency with the previous DMA tests on 
bladder tissue (chapter 3). However, due to the small size of the specimens, mean width of 
13.3 mm (standard deviation 2.0 mm), mean depth 9.7 mm (standard deviation 2.7 mm) and 
height of 4.6 mm (standard deviation 0.9 mm), great difficulty was experienced in trying to 
fix the specimens into the grips, as shown in figure 3.4b (Chapter 3). Also, when the author 
did manage to fix the specimens into the grips, the small preload that was applied pulled the 
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specimens out of the grips. Therefore, it was clear that compression would have to be used 
for the testing of these smaller samples. 
Under compression, DMA was attempted using load control. For these tests cuboidal 
specimens from the same three porcine bladders were used. However, difficulty was 
experienced in testing specimens under repeatable conditions. It was not feasible to use the 
same mean load and load amplitude (0.6 N ± 0.5 N was attempted) for each specimen due to 
geometric variation. For example, the slightly smaller specimens could not be strained 
sufficiently to induce the same loads as the larger specimens, due to their lower specimen 
height. Furthermore, high stress relaxation was observed, which has also been discussed 
previously in section 3.2.5 and this added to the difficulty of attempting load led DMA.  
Therefore, displacement led DMA was used, which is also the case in the previous chapter.  
The specimens were tested using a Bose Electroforce 3200 testing machine, fitted 
with a 22 N load cell, using WinTest Dynamic Mechanical Analysis (DMA) software (Bose 
Corporation, Electroforce Systems Group, Minnesota, USA). A 22 N load cell was used here 
as the loads were all to be lower than 5 N. An added benefit of using the 22 N load cell was a 
higher resolution in comparison to the 250 N load cell used in chapter 3 (both load cells have 
a maximum error of less than 1% of their maximum load). Other biological and synthetic 
materials have been compressively tested using Bose testing machines (Patel et al., 2008; 
Fulcher et al., 2009; Gadd and Shepherd, 2011; Omari et al., 2015). The specimens were 
compressed using a stainless steel cylindrical plate with thickness of 4 mm and a diameter of 
20 mm; the test set-up can be seen in figure 4.1.  
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Figure 4.1 – Compressive DMA set-up for porcine bladder specimens and human bladder 
tumours. 
Three porcine bladder specimens were subjected to a compressive pre-load of 0.5 N 
and then subjected to a preconditioning cycle in compression at 1 Hz with a mean 
displacement of 0.75 mm and an amplitude (mean to peak/trough) of 0.15 mm. 
Preconditioning ensures that the first frequency tested is comparable to the rest of the 
frequencies tested thereafter. It has been described in the previous chapter and has also 
been used in other studies by Öhman et al.(2009) and Wilcox et al.(2014). After this 
preconditioning cycle the specimens were subjected to 19 test frequencies ranging from 
0.01 – 30 Hz using the same mean displacement and amplitude. A dwell time of 10 seconds 
in between each frequency was used. The mean displacement and amplitude were selected 
as the author did not want to unnecessarily plastically deform the specimens whilst still 
inducing sufficient load to be measured by the load cell. The mean displacement was around 
15 % of the mean specimen height and the displacement amplitude was approximately 20 % 
of the mean. The frequency range was selected as it was comparable to the frequencies 
tested in the preliminary testing described in the previous chapter and also comparable to 
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the frequencies used by DeWall et al.(2012) when testing liver malignancies, including 
tumours. Storage (E’) and loss (E’’) moduli were calculated from the displacement sine wave 
input and load sine wave output using the WinTest DMA software. The method that the 
software uses to calculate the phase angle (δ) and dynamic stiffness (k*) was described in 
detail in section 2.4.6.  E’ and E’’ were calculated from (Fulcher et al., 2009): 
𝐸′ =
𝑘∗𝑐𝑜𝑠𝛿
𝑆
     (4.1) 
𝐸′′ =
𝑘∗𝑠𝑖𝑛𝛿
𝑆
     (4.2) 
where S is the shape factor, for a cuboid, which was calculated from: 
𝑆 =
𝑤𝑑
ℎ
     (4.3) 
where w is the width, d is the depth and h is the height of a specimen. 
4.2.2 Preliminary Testing Results 
 
The storage and loss modulus against frequency dependent trends for the three 
porcine specimens that were subjected to compression DMA can be observed in figures 4.2 
and 4.3. 
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Figure 4.2 – Storage modulus (E’) against log frequency (f) for the three preliminary porcine 
specimens. 
 
Figure 4.3 – Loss modulus (E’’) against log frequency (f) for the three preliminary porcine 
specimens. 
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 The results showed that porcine bladder specimens exhibited frequency dependant 
behaviour and that the storage modulus was higher than the loss modulus for every 
frequency tested. Furthermore, from preliminary tests it was feasible to characterise 
empirical frequency-dependent relationships for both storage and loss moduli. The storage 
modulus presented logarithmic trends against frequency, with R2 values of over 0.93, whilst 
the loss modulus presented second order polynomial trends against frequency, with R2 
values over 0.97. As these results showed that trends could be characterised, providing 
evidence that the method of testing was suitable, it was decided that displacement led 
compression DMA would be used for testing the human bladder tumour specimens. The 
mean displacement and amplitude would, however, be altered to reflect the individual 
height of the specimen rather than the mean of all the specimens. This was necessary so 
that the variation in specimen geometry was accounted for, therefore, all specimens were 
subjected to the same strains.  
4.2.3 Final Testing Methods 
 
Ten human bladder tumour specimens were obtained from 8 patients recruited to 
the West Midlands (UK) Bladder Cancer Prognosis Programme (BCPP, ethics approval 
06/MRE04/65) (Zeegers et al., 2010). All human tissue specimens and data used in this study 
were collected with informed donor consent in compliance with national and institutional 
ethical requirements. BCPP methodology and patient characteristics have been described in 
detail elsewhere (Zeegers et al., 2010; Bryan et al., 2013). Tumour specimens were frozen in 
liquid nitrogen immediately after removal during TURBT and subsequently stored at -80°C. 
There is consensus that freezing does not affect the mechanical properties of soft tissues 
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(Chan and Titze, 2003; Szarko et al., 2010; Woo et al., 1986). Before dynamic mechanical 
testing, the specimens were defrosted in Ringer’s solution (Oxoid Ltd, Basingstoke, UK) until 
thawed. All subsequent testing was carried out in a controlled environment at room 
temperature, 20°C. The basic patient and tumour characteristics, which are defined in 
section 2.3, for each specimen used, are provided in table 4.1, with a representative 
selection of specimens shown in figure 4.4.  
 
Figure 4.4 – Human bladder tumour specimens: (a) specimen 2; (b) specimen 3; (c) 
specimen 6; (d) specimen 7. 
Each specimen was measured using Vernier callipers. The specimens were 
approximated to a cuboid and three measurements for width, depth and height were taken 
for each specimen. Mean and standard deviation values for these dimensions can be found 
in table 4.1.  
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Table 4.1 - Individual information for the 10 bladder tumour specimens. Three of the 
specimens used (2, 6 & 7) were from the same individual. SD refers to standard deviation. 
Specimen 
Number 
Grade/ 
Stage 
Architecture 
Age at 
collection 
Gender 
Mean Dimensions (SD) 
Width 
(mm)  
Depth 
(mm) 
Height 
(mm) 
1 Non-UBC pap 83 Male 5.4 (0.2) 5.5 (0.5) 3.1 (0.2) 
2 G3pT2+ pap 72 Male 8.1 (1.5) 7.5 (0.7) 5.0 (0.2) 
3 G1pTa pap 62 Male 3.8 (0.2) 4.9 (0.5) 3.0 (0.5) 
4 G3pT2+ mixed 90 Female 12.5 (2.6) 8.1 (1.1) 5.2 (0.4) 
5 Non-UBC mixed 73 Female 4.4 (1.3) 7.6 (0.6) 3.2 (0.2) 
6 G3pT2+ pap 72 Male 3.9 (0.4) 6.8 (1.4) 3.0 (0.2) 
7 G3pT2+ pap 72 Male 6.2 (0.3) 18.3 (0.2) 4.8 (0.4) 
8 G2pT1 pap 73 Male 3.2 (0.1) 6.6 (0.3) 1.0 (0.2) 
9 G3pT2+ mixed 68 Female 5.3 (1.0) 10.5 (1.8) 3.9 (0.4) 
10 G3pT2+ pap 83 Male 4.7 (1.0) 9.8 (0.9) 2.8 (1.5) 
 
Specimens were tested in a random order chosen using the Excel (2010, Microsoft, 
Washington, USA) random number function. The specimens were initially given a preload of 
0.1 N and were then subjected to a preconditioning cycle of 5 Hz. The preload was lowered 
from preliminary testing as the specimens were smaller than had been expected; also the 
preconditioning frequency was increased to fall in line with the rectangular testing described 
in the previous chapter. After this the specimens were tested from 0.01 to 30 Hz in 14 steps 
with the same dwell time of 10 seconds between frequencies; this was consistent with the 
bladder tissue testing procedure in chapter 3 and a study on liver tumours by DeWall et al. 
(2012). 
For both the preconditioning cycle and the frequencies from 0.01 to 30 Hz the 
specimens were subjected to a sinusoidally varying displacement (y) in the form: 
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𝑦 = 𝑥 + 𝑧 sin (2𝜋𝑓𝑡)    (4.4) 
where x is the mean displacement (20% of a specimen height; table 4.1), z is the amplitude 
(0.1x), t is time (in seconds) and f is the test frequency. The mean displacement was 
increased from the preliminary testing to ensure a sufficient load was being registered and 
the amplitude was lowered to 10% of the mean so as to avoid plastic deformation for each 
specimen during testing. In this instance the amplitude was defined as the peak/trough 
displacement to the mean displacement. For example, specimen number 5 had an average 
height of 3.2 mm which equated to testing parameters of a mean displacement (x) of 0.64 
mm compression and amplitude (z) of 0.064 mm. The values for mean displacement and 
amplitudes for each specimen can be found in table 4.2. 
Table 4.2 – Human bladder tumour testing parameters. 
Specimen Number 
Testing Parameters 
Mean Displacement (mm) Amplitude (mm) 
1 0.613 0.061 
2 1.007 0.101 
3 0.600 0.060 
4 1.033 0.103 
5 0.640 0.064 
6 0.593 0.059 
7 0.953 0.095 
8 0.207 0.021 
9 0.780 0.078 
10 0.567 0.057 
 
Storage modulus and loss modulus were then calculated, plotted against frequency 
and regression analysis was undertaken using Sigma Plot (version 11.0, Systat Software Inc., 
London, UK). The curve fit relationship was considered significant if p < 0.05. The 95% 
confidence intervals were also generated using Sigma Plot.   
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4.3 Results 
 
Out of the ten specimens studied, the results of three were rejected. Specimen 8 was 
rejected as the mechanical testing did not induce sufficient load (thus the signal to noise 
ratio of the measured load was too low for use). The results for specimen 6 were not 
recorded due to a machine error and for specimen 3 the results were more than 15 standard 
deviations higher than the mean of the other specimens (figure 4.5) and it was rejected 
using Peirce’s criterion (Peirce, 1852; Ross, 2003; Patel et al., 2010).  
 
Figure 4.5 – Mean storage (E’) and loss modulus (E’’) against frequency (f) with 1 standard 
deviation positive error bars and specimen 3 storage (E’) and loss modulus (E’’) against 
frequency (f). 
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For the generation of 95% confidence intervals, the specimen number (n) was taken 
as 6 because the 7 specimens came from 6 different patients which equated to 6 
independent observations (Ranstam, 2012).  
 
The storage modulus was higher than the loss modulus for every frequency of each 
specimen tested.   Storage modulus was found to increase with increasing frequency 
following a logarithmic trend (figure 4.6).  The trends for the storage modulus (E’) against 
frequency (f) were described by the logarithmic curve fit: 
 
𝐸’ = 𝐴𝑇𝑙𝑛(𝑓) + 𝐵𝑇    for 0.01 ≤ 𝑓 ≤ 30  (4.5) 
where AT and BT are constants (see table 4.3 for constants for each specimen).  This 
logarithmic curve fit showed a good correlation to the original data with R2 values all above 
0.7.  All relationships were found to be significant (p < 0.05). 
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Figure 4.6 – Storage modulus (E’) against log frequency (f) for three individual tumour 
specimens. The curve fit is given by equation 4.5. 
 
The mean storage modulus for all specimens against frequency (figure 4.7) followed 
the same trend as the individual specimens. The curve fit for the mean storage modulus can 
be seen in equation 4.6. From 0.01 Hz to 30 Hz the mean storage modulus increased from 
0.05 MPa to 0.085 MPa. 
  𝐸’ = 0.0042𝑙𝑛(𝑓) + 0.069   for 0.01 ≤ 𝑓 ≤ 30  (4.6) 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.001 0.01 0.1 1 10 100
M
o
d
u
lu
s 
(M
P
a)
Log Frequency (Hz)
Specimen 9 Storage Modulus
Specimen 4 Storage Modulus
Specimen 10 Storage Modulus
Chapter 4 – Viscoelastic Properties of Human Bladder Tumours 86 
 
 
Figure 4.7 – Mean storage modulus (E’) against log frequency (f). Error bars represent the 
95% confidence intervals for the sample. The mean curve fit for the storage modulus 
against log frequency is stated in equation 4.6. 
 
For the individual specimens, the loss modulus was initially at a roughly constant 
value with increasing frequency until around 1 Hz where the loss modulus started to 
increase (figure 4.8). The trends for the loss modulus (E’’) against frequency (f) were 
described by a second order polynomial curve fit: 
𝐸′′ = 𝐶𝑇(𝑓
2) + 𝐷𝑇(𝑓) + 𝐸𝑇    for 0.01 ≤ 𝑓 ≤ 30   (4.7) 
where CT, DT and ET are constants (see table 4.3 for constants for each specimen).  This 
polynomial curve fit showed a good correlation with R2 values all above 0.69. All 
relationships were found to be significant (p < 0.05). 
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Figure 4.8 – Loss modulus (E’) against log frequency (f) for three individual tumour 
specimens. The curve fit is given by equation 4.7. 
 
The mean loss modulus for all specimens against frequency (figure 4.9) followed the 
same trend as the individual specimens.  The curve fit for the mean loss modulus can be 
seen in equation 4.8. The mean loss modulus was initially at around 0.02 MPa at frequencies 
less than or equal to 1 Hz and then increased to 0.043 MPa by 30 Hz. 
𝐸′′ = −0.00003(𝑓2) + 0.0017(𝑓) + 0.0150 for 0.01 ≤ 𝑓 ≤ 30  (4.8) 
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Figure 4.9 – Mean loss modulus (E’’) against log frequency (f). Error bars represent 95% 
confidence intervals for the sample. The mean curve fit for the storage modulus against 
log frequency is stated in equation 4.8. 
 
Table 4.3 – Curve fit results for storage and loss modulus. All coefficients were found to be 
statistically significant (p<0.05). 
Specimen 
Number 
Storage Modulus Curve Fit (E'= ATln(f)+ BT) Loss Modulus Curve Fit (E''= CT f2+ DTf+ ET) 
AT BT R2 CT (x10-3) DT ET R2 
1 0.0132 0.1200 0.997 -0.107 0.0050 0.0045 0.953 
2 0.0017 0.0365 0.865 -0.016 0.0008 0.0098 0.939 
3 0.0031 0.0624 0.995 -0.025 0.0013 0.0188 0.981 
4 0.0012 0.0641 0.848 -0.016 0.0008 0.0167 0.904 
5 0.0013 0.0481 0.705 -0.007 0.0004 0.0093 0.691 
6 0.0066 0.1216 0.966 -0.058 0.0031 0.0406 0.982 
7 0.0023 0.0306 0.989 -0.008 0.0004 0.0055 0.960 
Mean 0.0042 0.0690 0.909 -0.03 0.0017 0.0150 0.916 
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4.4 Discussion 
 
The results of this chapter show that bladder tumours are viscoelastic throughout the 
range of frequencies that were tested. Furthermore, the storage modulus was constantly 
higher than the loss modulus. In comparison to chapter 3 on the tensile viscoelastic 
properties of porcine bladder where the mean values of storage and loss modulus were 0.36 
MPa and 0.05 MPa, respectively, human bladder tumour had a mean storage modulus of 
0.07 MPa and a mean loss modulus of 0.02 MPa. In spite of differences in the mammal 
tested and the type of loading, consistencies in the general trends of the storage and loss 
modulus were found. At low frequencies (below 1 Hz) the storage modulus of the porcine 
bladder in chapter 3 did show a logarithmic trend similar to the one seen in the results of 
this chapter, and the porcine bladder loss modulus showed an increasing trend against 
frequency which can also be seen in the human bladder tumour results presented here.  
DeWall et al. (2012) used similar testing equipment and protocols to characterize the 
viscoelastic properties of normal and tumourous liver tissue. They found that the 
background (normal) tissue storage modulus was higher than the malignant tissue for each 
of the frequencies tested. Over a comparable frequency range the storage modulus of the 
liver tumours (0.01 MPa) was less than the storage modulus found for human bladder 
tumours in this chapter (0.08 MPa).  
Lekka et al. (2012) also found that cancerous cells of a variety of tissue decreased in 
stiffness in comparison to normal tissue. They reported a value of 0.001 MPa for the Young’s 
modulus of bladder cancer tumours, whereas this chapter reports a higher value of 0.06 
MPa (dynamic modulus) at a comparable loading rate. However, comparison is difficult due 
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to the differences in testing at the cellular and tissue levels and also because dynamic 
modulus is a viscoelastic property as opposed to Young’s modulus which assumes the 
material to be purely elastic. Dynamic modulus can be calculated from the orthogonal of the 
storage and loss moduli, 𝐸∗ = √𝐸′2 + 𝐸′′2 (Hukins et al., 1999).  
The translational utility of the findings in this chapter lie in several areas: 
 Diagnostic: Ultrasound elastography is effective in the detection of tumours in 
breast cancer (Gheonea et al., 2011). Elastography makes use of external tissue 
compression and ultrasound imaging to map the stiffness of different areas of 
tissue. The differences in the mechanical properties of normal and tumourous 
tissue point oncologists to potential regions of malignancy. In breast cancer, 
malignant tissue was found to be stiffer by Itoh et al. (2006) than benign tissue 
when using ultrasound elastography. There have also been many studies which 
make use of magnetic resonance elastography (MRE) to study the viscoelastic 
properties of tissue. MRE is a method which images tissue whilst it is subjected to 
shear waves, from this elastograms are generated, which are ‘maps’ of tissue 
stiffness (Mariappan et al., 2010). A few examples include: studies of the brain 
(Klatt et al., 2007; Streitberger et al., 2012), liver (Klatt et al., 2007; Asbach et al., 
2008) and breast tissues (Sinkus et al., 2005).  If the modulus values for normal 
and malignant bladder tissue are known there is the potential for diagnosis with 
imaging techniques that use mechanical stimulation. Currently such tools are not 
used in the diagnosis of bladder cancer, but the author believes that in the future 
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this may become a favourable solution in comparison to cystoscopy, biopsy or 
cross-sectional imaging.  
 Surgical training: In applications such as training for surgery, such as TURBT, it 
may be advantageous for the surgeon to practice or learn to use existing or new 
(an example of which is detailed in chapter 5) equipment to cut through material 
with similar viscoelastic properties to tumour tissue. Ahmadzadeh and Hukins 
(2014) have described a method of manufacturing materials with certain 
viscoelastic properties that could be used in this instance. The Uro Trainer 
manufactured by Karl Storz GmbH (Tuttlingen, Germany) is a virtual reality trainer 
which provides haptic feedback based on the experience of surgeons (Reich et al., 
2006). More realistic feedback may be achievable for a range of different 
tumours with their respective viscoelastic properties. 
 Instrument design: An indentation system similar to that described by Appleyard 
et al. (2001) for cartilage could be manufactured to measure and assess the 
viscoelastic properties of tumours in vivo. The viscoelastic properties of 
any suspicious bladder tissue or lesions could then be ascertained in vivo and 
these measurements could be used to distinguish between tumorous and healthy 
tissue; appropriate action could then be taken during the same procedure. This is 
in contrast to taking a biopsy, waiting for results and then undergoing another 
procedure. 
 Computational models: The values presented in this study would be able to 
inform better computational models of the bladder. For example, Chai et al. 
(2012) have presented a finite element model of the bladder and surrounding 
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organs using a linear elastic material model. However, this study only took into 
account the Poisson’s ratio and Young’s modulus of the tissues, which do not 
account for the time dependant nature of soft tissues. Viscoelastic properties 
could be incorporated into models investigating the differing areas of stress 
concentration, when comparing the filling behaviour of a healthy bladder (using 
the viscoelastic properties determined in chapter 3) to a tumour-containing 
bladder. Also, fluid structure interaction models to investigate the path of tumour 
cells during TURBT are possible. Methods for combining fluids and structures in 
computational models have previously been described by Espino et al. (2015). 
 A possible limitation of the testing described in this chapter may be in the shape 
assumption of a cuboid for the tumour specimens. The majority of the specimens tested had 
on inspection a rectangular shape, when observing the specimen from above. However, as 
can be seen in figure 4.4a and 4.4b, this varied and these specimens were more cylindrical in 
appearance. The errors in the calculated shape factor are expected to have only a limited 
effect on the results as the mean overestimation (percentage increase) of the shape factor is 
17% (with a 9% standard deviation) when comparing the shape factor of a cylinder to a 
cuboid. For example, specimen number 6 had a shape factor of 8.9 mm when it was 
approximated to a cuboid, this is in comparison to 7.5 mm when it was approximated to be a 
cylinder using the equation from Fulcher et al.(2009) below: 
𝑆 =
𝜋𝐷2
4ℎ
     (4.9) 
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where D is the diameter. This comparison results in a shape factor percentage decrease of 
18% when going from a cuboid to cylinder for specimen number 6. In reality, the shape of 
the specimens was probably somewhere in between a cuboid and a cylinder so the actual 
overestimation would have been less. Furthermore, the individual trends for each specimen 
would not be changed by a difference in shape factor, only offset, as the shape factor was 
constant for each specimen. 
Due to the low sample size of the human tissue, the variables of grade, stage, type, 
age and gender were not compared. Future studies investigating these variables could be of 
great value; for example, Swaminathan et al. (2011) demonstrated that as ovarian tumour 
cells become more invasive, their stiffness decreases. Furthermore, DeWall et al. (2012) 
have hypothesized that tissue properties may also be useful in diagnosing different tumour 
types. If there is a relationship between the viscoelastic behaviour of bladder tumours and 
their grade, stage or type this would be of great value in diagnostic procedures.  
Human tissues are in high demand but are rarely available and for this reason 
preliminary testing was conducted entirely using porcine bladder tissue instead of human 
bladder tumour. Tissue testing on similar mammals to humans is often the best model that 
can be found. However, in the specific case of tumour characterisation, sourcing animal 
specimens is not necessarily any easier than sourcing human tumour specimens. This is 
because animals destined for the food chain are generally required to be healthy and often 
slaughtered when still relatively young. For example, all of the porcine bladders used in this 
study came from pigs less than a year old.  
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4.5 Chapter Summary 
 
The conclusions of this chapter are as follows: 
 Bladder tumours exhibit frequency dependent viscoelastic behaviour through the 
range of frequencies tested (0.01 – 30 Hz). 
 The storage modulus exhibited a logarithmically increasing trend against frequency 
with a mean value of 0.069 MPa and the loss modulus exhibited a quadratic 
increasing trend against frequency with a mean of 0.027 MPa. 
 Applications of these findings include the diagnosis of bladder cancer, computer 
simulations of the bladder and the manufacture of more realistic tumour models in 
surgical trainers. 
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5 Design of a Surgical Instrument for the Removal of Bladder Tumours 
5.1 Introduction 
 
Bladder cancer is the 4th most common and 13th most common cancer in men and 
women, respectively in the UK (Cancer Research UK, 2014). The gold standard for treating 
the non-muscle invasive form, which affects about 75 – 85% of bladder cancer sufferers at 
presentation (Babjuk et al., 2008), is transurethral resection of bladder tumours (TURBT). 
There are problems with this procedure, the most significant of which is tumour cell 
dissemination and re-implantation elsewhere on the bladder wall (Kondas et al., 1999; Bryan 
et al., 2010). Although much research is under way to investigate some of the other issues, 
such as whether novel imaging techniques have sufficient resolution to detect smaller 
tumours (Bach et al., 2015), apart from research into removing tumours en bloc little has 
been done to reduce the scattering effect of the procedure (Wilby et al., 2009; Bach et al., 
2015). 
The aim of this chapter is to design and prototype a novel surgical instrument to 
arrest the spread of tumour cells during TURBT. This chapter describes the design 
requirements (section 5.2), the concept design development (section 5.3) and then the 
development of Nitinol actuation methods (section 5.4). After this, the finalised design is 
presented (section 5.5), then the methods of prototype manufacture (section 5.6) and the in 
vitro testing of the prototype (section 5.7). This is followed by a discussion (section 5.8), 
some thoughts on how the device can be developed further in the future (section 5.9) and 
the chapter summary (section 5.10). 
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5.2  Design Requirements 
  
The design requirements for the instrument enhancement were formulated in 
accordance to BS EN ISO 16061:2009 (British Standards Institution, 2009) and BS ISO 8600-
1:2013 (British Standards Institution, 2013). The instrument enhancement should:  
 Be able to remove an entire tumour from the bladder.  
 Limit tumour cells from re-implanting elsewhere on the bladder wall.  
 Not increase surgery time which generally takes 51 minutes (Pandit and Carey, 2006). 
 Not cause harm to the patient. 
 Not cause an immune response from the body and hence be manufactured from 
biocompatible materials. 
 Be able to enter and exit the bladder via the urethra. 
 Not impede the surgeon’s view of the tumour. 
 Be single use. Therefore, sterilisation will only be performed by the manufacturer. 
 Be able to work with existing surgical instruments for TURBT, such as various sheaths, 
cystoscopes, light source and diathermy loop. Hence, current instruments will not be 
altered. 
 Be able to work in an isotonic or hypotonic aqueous environment at 37 °C for times 
of up to one hour (Pandit and Carey, 2006).   
 Be no more than 350 mm long (with all parts connected), more than 8.5 mm bore 
and no more than 11 mm in outside diameter. 
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 The main design consideration was that the add-on device should be able to limit the 
movement of tumour cells after the main tumour has been cut into.  
5.3  Design Development 
 
5.3.1 Design Solutions 
 
Brainstorming led to three potential solutions to the problem of tumour cell re-
implantation: 
1. A polymer spray that would ‘stick’ the cells of the tumour together. This 
would mean that when the tumour is then cut into, the smaller tumour cells 
will not move away from the larger pieces of cut tumour, thus reducing the 
likelihood of tumour cell re-implantation.  
2. The development of existing irrigation channels used with surgical 
instruments for TURBT. Altering the existing design of the irrigation channels 
to ensure that tumour cells are ‘sucked’ straight back out of the scope after 
resection rather than moving towards other areas of the bladder wall. 
3. A cone add-on device that would be able to open once inside the bladder and 
physically restrict the movement of tumour cells to other areas of the bladder 
during resection. 
The polymer spray solution was inspired by surgical glues, such as the hydrophobic 
light-activated adhesive described by Lang et al. (2014), for the repair of large blood vessels 
and cardiac wall defects. However, the idea was rejected due to the difficulty of accurately 
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spraying another liquid when already within an aqueous environment. Also it might be 
difficult for the spray to penetrate within the tumour, so when it was cut into, only the cells 
on the outside would be ‘stuck’ to the main tumour; the other tumour cells, as before, 
would be able to break off from the main tumour.  
The development of irrigation channels was excluded as it was felt that any 
improvement would be dependent on the dimensions of the bladder in which it was being 
used. Also higher rates of irrigation may be difficult to achieve due to the limited diameter of 
the irrigation channels and could lead to problems for the surgeon, such as decreased 
visibility.  
Therefore, after careful consideration of the design requirements, a concept of an 
add-on cone to current resectoscope sheaths was selected as the solution for development. 
The concept was that limiting fluid transfer to within the cone would effectively block 
tumour cells from reaching other areas of the bladder wall. The closed cone would have to 
be inserted into the bladder along with the current resectoscope instrument through the 
urethra and then be able to open once inside the bladder (figure 5.1). The cone once opened 
would then be positioned against the wall of the bladder covering the tumour, creating a flat 
surface against which the surgeon could operate. The creation of this flat surface may be 
aided by a negative pressure within the cone induced by the irrigation system currently used 
in the resectoscope. The tumour would then be resected as normal and once finished the 
cone would close and be taken out of the bladder.  
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Figure 5.1 – Closed (a) and open (b) position of the cone concept within the bladder. 
 
5.3.2 Cone Actuation Methods 
 
The greatest challenge associated with this design was the method of opening the 
cone. Due to the limited diameter of the urethra and that of the existing instruments, 
actuation (opening) of the cone would be difficult. Current resectoscopes have an outer 
diameter of around 8.5 mm and any add on device would aim not to have a diameter greater 
than 11 mm. This outer diameter was selected on advice from medical researchers and 
surgeons Dr Richard Bryan, Mr Prashant Patel and Mr Richard Viney of the Institute of 
Cancer and Genomic Sciences, University of Birmingham and Queen Elizabeth Hospital 
Birmingham. 
Several different methods of actuating the cone were explored and these can be seen in 
table 5.1.  
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5.3.3 Actuation Method Selection 
 
After careful consideration the shape memory alloy Nitinol was selected to create the 
opening of the cone. The primary reasons were that it enables a device to conform to 
different shapes (i.e. one shape for access to the bladder, and another when inside the 
bladder) and that it is readily available in the relatively small thicknesses desired for this 
application. Furthermore, the type of movement that would be required from an actuating 
cone made from Nitinol has previously been described by Villanueva et al. (2010) in the form 
of a jellyfish device. Nitinol has also already been used within the body in different 
applications such as stents, heart valve frames, orthodontic implants and bone plates 
(Duerig et al., 1999; Machado and Savi, 2003). Another Nitinol device, which has similarities 
with the cone concept shown in figure 5.1, used in the body is the AngioGuard filter device 
which is essentially a stent in combination with a filter which is used to remove debris from 
blood vessels (Fasseas et al., 2001).  Nitinol has also already been used in the urinary system 
to aid in the removal of renal calculi (kidney stones) (Kourambas et al., 2000). Considering 
the extensive use of Nitinol within the body, it was deemed to be a sound biocompatible 
material on which to base a new device. There is also promising research in the area of 
shape memory metals, i.e. providing scope for further development in future. Chluba et al. 
(2015), for example, have described a copper nickel titanium alloy which has vastly improved 
fatigue performance compared with traditional Nitinol. However, these different SMAs were 
not as readily available and also these materials have not been extensively used in the body 
so they were not considered suitable for use in this study. 
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5.4  Preliminary Nitinol Testing 
 
5.4.1 One-Way Shape Memory Effect  
 
Nitinol wire (50% nickel and 50% titanium), of diameter 0.5 mm, was acquired from 
Dynalloy Inc (Tustin, California, USA).  To test the ability of the Nitinol wire to demonstrate 
the one-way shape memory effect (OWSME) and move from one position to another, the 
wire was heated, whilst being constrained in a roughly circular shape in a crucible (Fischer 
Scientific, Loughborough, UK), to 550 °C for 15 minutes in a Carbolite LMF1 furnace 
(Carbolite, Derbyshire, UK). These parameters were found through trial and error for the 
training of a high temperature (HT) austenite crystal structure into Nitinol wire, after 
considering the methods described by Morgan and Broadley (2004). Then, after the wire was 
cooled (quenched), by placing it into cold water using tongs, it was deformed to a different 
shape (a coil in this case) after which boiling water, from a kettle, was poured over the wire. 
The results can be seen below in figure 5.2. 
 
Figure 5.2 – Transition of a 0.5 mm diameter Nitinol wire from a) deformed martensite to 
b) austenite (after insertion in boiling water). 
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 It is clear that the Nitinol changes from a deformed shape to the pre-trained roughly 
circular shape. This is due to the rise in temperature taking the Nitinol past its transition 
temperature of approximately 55 °C. This induced a change in the crystal structure, from 
deformed martensite to austenite, which enables the material to change shape (Otsuka and 
Wayman, 1999). This test successfully demonstrated the one-way shape memory effect. 
5.4.2 Wire Actuation with Loading 
 
To see whether Nitinol wire could actuate, and hence still be able to demonstrate the 
OWSME whilst being loaded, required a further test. This was important for the SMA’s ability 
to open the cone design previously described in section 5.3.1. Again a Nitinol wire of 0.5 mm 
diameter was used and a roughly circular shape was trained into the wire using the same HT 
training parameters described in section 5.4.1. The Nitinol wire was then deformed by hand 
so that an M8 nut could hang from the wire.  A heat gun (Toolstation, Bridgwater, UK) was 
then used to heat the wire and, therefore, cause it to actuate. The mass of the Nitinol wire 
was 0.15 g and the mass of the M8 nut was 4.61 g (measured with an Ohaus GA200D 
electronic balance, Nänikon, Switzerland). The results of this actuation test with load can be 
seen in figure 5.3.  
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Figure 5.3 – M8 nut lifting with 0.5 mm diameter Nitinol wire. a) pre-trained Nitinol 
wire with no M8 nut, b) deformed Nitinol wire with M8 nut, before heating, c) Nitinol wire 
with M8 nut returned to original position post heating. 
The results showed that the 0.5 mm diameter Nitinol could lift an M8 nut thirty times 
its own mass. However, it was seen that the wire did not return fully to its original pre-
trained austenite shape; this was due to the mass of the nut bending the Nitinol wire. This 
effect was noted for the future training parameters of the actuating cone.  
5.4.3 Two-Way Shape Memory Effect  
 
The two-way shape memory effect was also explored as it was potentially desirable 
for the cone instrument. Having two pre-trained shapes to conform to could be beneficial, as 
this would correspond to the open and closed states of the cone device. Theoretically, 
Nitinol wire is able to be trained to two different shapes; one shape above its transition 
temperature and one shape below (Lahoz et al., 2002). The 0.5 mm diameter Nitinol wire 
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was HT trained to conform to a 50° angle. After this high temperature training and 
subsequent quenching, the wire was heated past its transition temperature and then 
manually bent to 90° whilst it cooled. This was repeated 30 times in an attempt to train a 
martensite crystal structure shape into the wire. These methods were derived from the 
training techniques described by Luo and Abel (2007) and Fortini et al. (2014). After this 
TWSME training the wire was again heated past its transition temperature, using the same 
heat gun described in 5.4.2, to see if it would cool down to the 90° cool shape. The results 
can be seen in figure 5.4. 
 
Figure 5.4 – Two- way shape memory effect trial. a) is the pre-trained Nitinol wire at room 
temperature, b) is the Nitinol wire immediately after being heated past its transformation 
temperature with a heat gun and c) is the wire after four minutes of cooling. 
 The Nitinol wire was able to exhibit the two-way shape memory effect, however, it 
took four minutes for the wire to cool to the 90°cold shape. This time could be reduced with 
enhanced cooling, such as refrigeration. However, as the application was for a surgical 
instrument operating at body temperature of 37°, it was concluded that the TWSME for this 
specific Nitinol wiring would not be feasible to use. 
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5.4.4 Nitinol Actuation with Current 
 
For its intended use as part of a surgical instrument the author set about finding a 
reliable and easy actuation method to bring the wire past its transition temperature, 
therefore, actuation using a current was trialled. A Nitinol wire (90 mm length; 0.5 mm 
diameter) was heated using electrical current to enable the wire to actuate. A supply of 2.3 A 
and 30 V, from a model LT 30/2 Farnell Instruments power pack (Wetherby, UK), was used 
with connective wiring and crocodile clips from RS Components (Corby, UK) to bring the 
Nitinol to and past its activation temperature. When measured using a steel 1 mm diameter 
k-type touch thermocouple (RS Components, Corby, UK), connected to a Comark model 
6600 digital thermometer (Norwich, UK), the Nitinol wire reached an average temperature 
of 58.2 °C (with a standard deviation of 1.9 °C) when it had finished actuating. The test set-
up for this can be seen in figure 5.5.  
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Figure 5.5 – Nitinol wire transition temperature measure set-up. a) Digital thermometer, b) 
thermocouple, c) crocodile clips, d) Nitinol wire, e) connective wiring and f) power pack. 
In comparison, other Nitinol wires 0.75 mm and 1 mm in diameter, also obtained 
from Dynalloy Inc (Tustin, California, USA), reached an average temperature of 39.9 °C and 
29.2 °C, respectively. This temperature was not sufficient to bring the wires past their 
transition temperature; this was clear as the wires did not move to their pre-trained shapes. 
These lower temperatures can be explained by the greater thickness of the 0.75 mm and 1 
mm wires in comparison to the 0.5 mm wire as their electrical resistivity or volume resistivity 
was the same. 
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Using the same power pack and thermocouple, the transition temperature of the 0.5 
mm diameter Nitinol wire was also determined. The wire was connected to the power pack, 
again with crocodile clips and connective wiring, and then the current was slowly increased 
from 0 A to 2.3 A. Whilst the current was being increased, the thermocouple temperature 
was also monitored. When the transition temperature of the Nitinol was reached, the wire 
moved to its pre-trained shape. The transition temperature for this alloy was measured to 
be around 55 °C. 
5.4.5 Nitinol Preliminary Testing Findings 
 
The 0.5 mm diameter wire was found to be the diameter of choice rather than the 
0.75 mm and 1 mm wires. The smaller diameter wire required less energy to actuate than 
the larger wires and would also allow for a reduced outer diameter of the proposed cone 
add-on device.  
Furnace heating was seen as the best way to HT train the Nitinol wire to 550 °C. 
There was the potential, with a high current producing power pack, to use resistance heating 
to train the HT shape into the wire. However, this was not used as there were potential 
safety issues with using such high current. Furthermore, the jig used to train Nitinol with 
current would need to be ceramic so the wire would not short circuit; this was an issue as 
ceramics were not readily available. Steel, however, could be used as a jig material for 
furnace HT training, and it was readily available.   
Current was found to be the best method to actuate the Nitinol wire. Other methods 
of bringing the Nitinol wiring past its activation temperature were explored, these included 
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using: a heat gun, an oven and a water bath. These methods were trialled, extensively used 
in preliminary testing of the wire and were shown to be effective. However, for ease of 
integration in the operating theatre, resistance heating was selected. For example, using a 
water bath to heat the wiring would equate in surgery to changing the temperature of the 
irrigating fluid during surgery. This would not be ideal as changing the temperature of the 
irrigating fluid would increase surgery time and also there may be adverse effects such as 
increasing core body temperature. 
3D printing the Nitinol in a flat configuration that could then be ‘curled’ around the 
scope was also explored. However, it was found that the jigs that would be necessary for 
subsequent training would be too complex and too large for the furnace described in section 
5.4.1. Furthermore, quoted prices for 3D printed Nitinol were higher than the price of 
standard Nitinol wiring, £7/g as opposed to £6.40/g. 
5.5  Final Design 
 
5.5.1 Detailed Design 
 
From the preliminary testing that was conducted in section 5.4, it was concluded that 
the cone instrument would be opened using eight 0.5 mm diameter Nitinol wires. Eight 
wires were selected as the similar AngioGuard filter device (Fasseas et al., 2001), previously 
described in section 5.3.3, used this configuration. These would be actuated using resistance 
heating and would be able to open to around 30° so that at the end of the cone there would 
be enough room for tumour resection. The wires would need to be fitted into a stable base, 
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or wire housing, that would form the sheath to go around the existing instrument. For the 
section of the instrument that was to open, a flexible polymer (termed polymer leaves) 
would be used in between the Nitinol wires that could tolerate the movement and also 
confine the irrigation of the resectoscope. The OWSME would be used so that the Nitinol 
wires would have to be HT trained at an open position and hence inserted into the bladder 
in a closed position. Below is a render of the design that was proposed with the 
resectoscope that is currently used in the centre of the cone (figure 5.6).  
 
 
Figure 5.6 – Final design render. 
 
5.5.2 Wiring Configuration 
 
An image of the electrical connections for the cone device can be seen in figure 5.7. 
The polymer leaves were removed from this image to make the path of the electrical 
connections clearer.  
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Figure 5.7 – Render of prototype including Nitinol wires (dark grey), connective 
wiring (gold) and wire housing (white). The blue and red wires show the input and output 
of the electrical connection, respectively. 
The connective wiring was made up of 3 strands of 0.2 mm diameter tin coated 
copper wire (RS Components, Corby, UK). These were connected from the top of one Nitinol 
wire to the bottom of the next as opposed to the top of two of the Nitinol wires and then 
the bottom of the next. Testing showed that the connective wire length would have to 
increase once the device was opened if the connections were at the top of the Nitinol wiring; 
this was not desirable and can be seen in one of the prototypes manufactured (figure 5.8). 
The connective wiring protruding away from the Nitinol wires (away from the centre of the 
cone) is potentially a problem, especially when inserting the device through the urethra.   
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Figure 5.8 – Aluminium wire housing prototype. 
The Nitinol circuit diagram can be seen in figure 5.9. A series configuration was used, 
as opposed to a parallel configuration, as a high current was required rather than a split in 
the current (Patrick and Fardo, 2013). Preliminary testing using two Nitinol wires showed 
that when parallel configurations were used, only one of the wires actuated. This was due to 
differences in resistance arising from the strength of connection to the Nitinol, the length of 
the Nitinol wire and the amount of oxide layer that had built up on the Nitinol wiring. 
Preliminary testing of the same two pieces of Nitinol wiring showed a series configuration to 
be preferable as both wires actuated. Furthermore, for the final design, a series 
configuration was used as 8 times less current was required; this enabled a lower rating 
power pack to be used.  
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Figure 5.9 – Prototype circuit diagram.  
 
 
5.5.3 Risk Assessment 
 
A risk assessment on the design was conducted and the results can be seen in table 
5.2. This was to attempt to minimise the risks associated with the design by critically 
evaluating any perceived failures. Furthermore, it enabled improvements to the design to 
enhance its safety and solutions to problems should they occur. It should be stressed that 
the designed instrument is intended as a single use device. 
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5.6  Prototype Manufacture 
 
5.6.1 Nitinol Wire 
 
Nitinol wire of 0.5 mm diameter was cut into eight 90 mm section lengths and HT 
trained using the same furnace and parameters described in section 5.4.1. This heat 
treatment made the wire ductile and able to form shapes; when the Nitinol had been 
received it exhibited superelastic behaviour which made it difficult to work with.  
The preheated ductile sections of wire were then fixed to a steel jig (figure 5.10). 
With the use of bolts, nuts and washers the sections of the wire were bent to an angle of 
40°. This jig was then inserted into the same furnace as before and heated to 550 °C for 15 
minutes. The jig was then quenched in water until cool (less than 20 seconds) and the wires 
were removed from the jig.  
 
Figure 5.10 – High temperature training jig. 
The heat treatment described trained the 40° high temperature shape into the 
Nitinol. The Nitinol could then be deformed into any shape and once heated past its 
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activation temperature (~55 °C for this specific alloy) it returned to the 40° bent shape. For 
the designed instrument the desired actuation was from a straight (closed) wire to a 30° 
bend (open) wire. The loss of 10° accounted for the stiffness of the polymer leaves in 
between the Nitinol wires.  
The Nitinol wires were connected around the wire housing using a tin based solder 
(Fisher Scientific, UK) and connective wiring made up of 3 strands of 0.2 mm diameter tin 
coated copper wiring (as described in section 5.5.2). Great difficulty was experienced when 
soldering to nickel titanium due to the oxide layer that had built up around the wire, 
therefore, flux (Toolstation, Bridgwater, UK) was used with good results. 
5.6.2 Wire Housing 
 
Once the wires had been trained, the ‘bases’ of the wire were inserted into a 3D 
printed cylindrical housing (figure 5.11). The housing was manufactured using an Eden 250 
additive manufacturing machine (Objet, Billerica, USA) and made out of an acrylic monomer 
based resin (brand name Fullcure 720). The outside diameter and bore of the wire housing 
were 11 mm and 9 mm, respectively. There were also 16, 0.75 mm diameter holes through 
the wall of the housing all at a 10 mm pitch circle diameter (appendix D). This housing 
provided a stable structure against which the wires could actuate.  
The 0.75 mm diameter through holes were used as the 3D printing machine was 
unable to adequately print smaller diameter holes at the length required. Holes of diameter 
0.5 mm were unsuccessfully trialled to provide an interference fit for the 0.5 mm diameter 
Nitinol wiring that was to be housed. A smaller hole diameter would have enabled a smaller 
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outer diameter of the housing. As a smaller outer diameter was desirable, another wire 
housing, manufactured from aluminium (figure 5.8) using wire EDM (electrical discharge 
machining), was trialled. Wire EDM was undertaken by Dr Richard Hood of the Advanced 
Manufacturing Centre, School of Mechanical Engineering, University of Birmingham. Using 
this method the outer diameter of the wire housing was decreased to 10.5 mm, however, 
the aluminium short circuited the device which meant that it did not actuate. As an 
adequate method of insulating the Nitinol wiring from the housing was not available, the 
manufacture of the wire housing reverted to using the 3D printed method mentioned 
earlier.   
5.6.3 Polymer Leaves 
 
Latex was used as the polymer material as it exhibits low stiffness and has a Young’s 
modulus in the range of 1.5 – 2.5 MPa. It also has a comparatively high elastic limit of 20 – 
30 MPa (Granta Design Ltd, 2013) compared to other similar elastomers, such as 
polyurethane and silicone. Three layers of Liquid latex (MB Fibreglass, Newtonabbey, UK) 
were painted onto a custom made aluminium cone along with the Nitinol wiring and 
connective wiring (figure 5.11). Each layer was allowed to dry for 10 minutes before the next 
layer was applied. The aluminium cone was 40 mm long with a minor diameter of 7.9 mm 
and a major diameter of 30 mm, which equated to an angle of 15°. The aluminium cone 
mimicked the shape of the device when halfway open. In preliminary tests three layers of 
latex showed good strength, flexibility and the ability to provide a sealed environment 
(described in section 5.7). When the third layer of latex was dry, washing up liquid was 
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rubbed onto the surface to ensure the latex did not stick to itself when being removed from 
the aluminium cone. The whole prototype was then removed from the cone. 
 
Figure 5.11 – Finished cone prototype (left) and aluminium cone onto which the latex was 
painted (right). 
 Polyurethane and silicone were considered as alternatives to latex for the cone, 
however, these materials exhibit higher values for Young’s modulus (2 – 30 MPa and 8 - 30 
MPa, respectively). Also, latex has an elastic limit comparable to polyurethane (25 – 51 MPa) 
and higher than silicone (5.4 – 7 MPa) (Granta Design Ltd, 2013). The liquid latex was 
cheaper and was ready to use when acquired as opposed to the silicone and polyurethane 
which required the mixing of two components.  
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5.7  Prototype Testing 
 
5.7.1 Prototype Actuation 
 
The ability of the prototype to actuate was tested using a 2.3 A, 30 V supply as 
previously described in section 5.4.4. The opening actuation time for the prototype device 
was around 12 seconds; the prototype is shown in figure 5.12 going from the closed (top) to 
open (bottom) state. The opening time could be reduced by increasing the current as this 
increases the heating of the Nitinol wires. However, a higher current is more likely to melt 
the latex, the solder and potentially the 3D printed wire housing used here for the 
prototype. 
 
Figure 5.12 – Closed (top) and open (bottom) prototype. 
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5.7.2 Fluid Testing Methods 
 
The ability of the prototype to open and seal in a liquid environment was tested in 
two experiments. The cone prototype was inserted into a Perspex cylinder (figure 5.13) in 
hypotonic and isotonic aqueous environments at 37 °C. These parameters corresponded to 
different operating conditions of TURBT. Crocodile clips were attached to the electrical 
connections of the device which were then actuated using the same 2.3 A, 30 V supply.  
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The ability of the prototype to seal and potentially hold tumour cells within the 
device was tested. This was done by pressing the open device against a stretched porcine 
bladder wall specimen at the bottom of the Perspex testing device and adding blue dye 
(Coomassie Brilliant Blue 250R, Sigma Aldrich, Gillingham, UK). The device was attached to a 
set of forceps and then on to a clamp stand (both Fisher Scientific, UK) which enabled the 
device to be lowered into the bladder simulation environment. The porcine bladder sample 
was obtained from Fresh Tissue Supplies (East Sussex, UK). The dome and trigone regions of 
the bladder were removed and another cut was made adjacent to the first two incisions to 
create a roughly rectangular sample of bladder. The bladder sample was then stretched by 
hand, with the inner bladder wall facing up so as to make contact with the device.  Four 
holes were then made in the rectangular sample so that it could fit over the bolts securing 
the Perspex testing device (figure 5.14).  
 
 
Figure 5.14 – Bottom of Perspex testing device. a) bottom of Perspex device. b) rubber 
added on top of the Perspex. c) stretched porcine bladder added on top of the rubber. 
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 All incisions and cuts were made using surgical scissors (Fisher Scientific, UK). Plastic 
tubing (Fisher Scientific, UK) was then inserted through the middle of the device into the 
cone so that the blue dye could be injected using a 50 ml syringe (Fisher Scientific, UK). The 
ability of the latex to keep the dye within the cone was tested with dye that was less dense 
(958 kg/m3) than the surrounding fluid (hypotonic 1000 kg/m3 or isotonic 1005 kg/m3). 
Conversely the bladder wall cone interface seal was then tested using a dye denser 
(supplemented with salt, 1185 kg/m3) than the surrounding fluid. In total this amounted to 
two dye tests of the device. The device was then observed over 5 minutes to see whether 
the dyes remained within the cone. The tests were recorded using a Google Nexus 4 video 
recording device (San Francisco, USA). The entire test set up can be seen in figure 5.13.  
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5.7.3 Fluid Testing Results 
 
Figure 5.15 shows the closed and open states of the prototype device in a hypotonic 
solution. It should be noted that for this test the bottom of the Perspex testing device was 
fitted with rubber as only the opening ability of the instrument was being tested, not its 
ability to seal to the bladder wall. 
 
Figure 5.15 – Closed and open state of the prototype device in fluid. For this test 
rubber was used at the bottom of the test device. 
The time taken for the device to open was 20 seconds. This was found to be 
repeatable and very similar results were found when testing in an isotonic solution. The time 
taken for the device to open was longer than the 12 second actuation in air and was 
attributed to the increased heat transfer in the fluid. The subsequent dye test results can be 
seen in figure 5.16.  
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Figure 5.16 – Instrument dye tests. Less dense blue dye a – d. Denser blue dye e – h. 
Where: a) & e) are the inserted devices pressed against a sample of porcine bladder wall, 
b) & f) are the dyes being inserted into the device which is where the timing of the test 
started, c) & g) are the device with blue dyes inside once the tubing has been removed and 
d) & h) are the blue dyes escaping once the device is taken out after the 5 minute test had 
been completed. 
 The vast majority of the dye remained within the device during the 5 minute tests 
(figure 5.16b-c & 5.16f-g). A small amount of dye can be seen leaving the cone in the test 
with the less dense dye (figure 5.16c). This may be due to small holes in the latex or gaps in 
the connection of the latex to the wire housing. In the test with the denser dye (figure 5.16e-
h) only small quantities of dye left the device and this may be due to a fold in the latex which 
was in contact with the bladder wall. For each test the effect of buoyancy due to the 
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different densities of the respective dyes can be seen after the device was removed, where 
the dye rises when less dense (figure 5.16d) and sinks when denser than the surrounding 
fluid (figure 5.16h).  
5.8  Discussion 
 
This chapter has described a novel enhancement to current surgical instruments used 
for transurethral resection of bladder tumours (TURBT). It is hoped that this design will, if 
implemented, decrease the recurrence of non-muscle invasive bladder cancer (NMIBC) by 
restricting the area in which tumour cells are allowed to travel (Bryan et al., 2010; Kondas et 
al., 1999).  This chapter has also described the manufacture of a working prototype and in 
vitro testing to determine the ability of the add-on device to contain substitute tumour cells.  
 Observations following in vitro testing demonstrate that the device is able to actuate 
in both hypotonic and isotonic irrigation fluids, which are commonly utilised during TURBT, 
and hence can be used with both mono and bi-polar energy sources. The device was also 
able to restrict the majority of the blue dye, which was used to simulate cells, within the 
cone part of the device. Different densities of blue dye were used and it allowed for testing 
of the seal at the bladder wall cone interface (denser dye) and the effectiveness of the latex 
in keeping the dye within the cone (less dense dye). Some leaking of the dye was seen and 
this has been attributed to insufficient contact with the bladder wall and/or small unseen 
tears in the latex cone.  
Once the device is deployed, it may also be feasible to induce a pressure differential 
between the fluid in the cone and the fluid in the rest of the bladder. By controlling the 
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irrigation a positive pressure in the remainder of the bladder would gently push the device 
against the bladder wall. Furthermore, the irrigation system, when used within the device, 
may be more effective in drawing the tumour cells back through the scope as there would 
be less volume of fluid within the cone, as opposed to irrigating the entire bladder. 
 As has been described in section 5.4.3, extensive work was carried out on attempting 
to use the two-way shape memory effect for the device. This was desirable as the device 
could have been trained for open and closed configurations; however, the low force and 
slow return speed in the absence of enhanced cooling made this unworkable.  Instead the 
device would be able to open using the one-way shape memory effect and then, when the 
current to the device is turned off and the Nitinol wiring becomes ductile, the device will 
close whilst being removed through the urethra.   
 The device is intended as a single use surgical instrument and as such if there are any 
defects or failures with the device before or during surgery it would just be discarded and 
another cone device used. Being a single use device also means that the hospital or 
healthcare trust would not be responsible for sterilising the equipment, they would simply 
throw it away after use. Single use instruments are currently being used in orthopaedic 
procedures such as total knee replacements. For example, cutting guides and trial implants 
used for knee replacement surgeries are being used and improvements in procedure 
efficiency, infection rate and cost have been reported (Bhadra et al., 2012; Mont et al., 2013; 
Siegel et al., 2015).    
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5.9 Chapter Summary 
 
This chapter has presented the development of a novel instrument in which the 
concept of actuation with shape memory alloys using current actuation has been proven. It 
has also been shown that the prototype designed, manufactured and tested is able to limit 
fluid transfer to within an opening cone environment.  
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6 Overall Discussion and Conclusions 
 
This thesis has described the methods and measurement of porcine urinary bladder 
and then human bladder tumour viscoelastic properties. This thesis has also presented the 
design, prototyping and testing of a novel instrument to assist the removal of non-muscle 
invasive bladder cancer (NMIBC). 
Chapter 3 used tensile dynamic mechanical analysis to quantify the viscoelastic 
properties of porcine bladder tissue. The testing technique made use of rectangular and 
looped specimens from which storage and loss stiffnesses were found. The results were 
expressed in terms of stiffness so that the rectangular and looped specimens could be 
compared. Whenever rectangular specimens of soft tissue are tested uniaxially, specimen 
slippage in grips is always a potential issue. To the author’s knowledge there has been only 
one other study on bladder tissue using loops by Alexander (1976). Using looped specimens 
is advantageous as slippage cannot occur and it also simplifies the procedure for securing 
specimens to fixtures. For the bladder it may also be more physiologically relevant to test 
looped specimens if only uniaxial testing machines are available. This is because the looped 
specimens are ‘curled’ around the testing apparatus which may better resemble normal 
bladder filling than just gripping a rectangular section of bladder wall. The looped specimens 
exhibited the same trends for storage and loss stiffness against frequency as the rectangular 
specimens. To account for the difference in specimen geometry the looped specimens were 
stressed to twice the preload of the rectangular specimens, 20 N for looped and 10 N for 
rectangular specimens. However, the magnitudes of the stiffnesses recorded did not account 
Chapter 6 – Overall Discussion and Conclusions   133 
 
for the increased preload where the storage stiffness for the looped specimens was on 
average 2.6 times that of the rectangular specimens. To a lesser extent, the same was also 
the case for the loss stiffness of the looped specimens which where, on average, 2.1 times 
that of the rectangular specimens. These increases can be seen when comparing figures 3.11 
and 3.12 and may be due to the effects that the ‘curled’ ends of the looped bladder 
specimens (around the testing apparatus) have on the stiffness of the tissue. 
Chapter 4 used dynamic mechanical analysis but quantified the compressive 
viscoelastic properties of human bladder tumours. Average storage and loss moduli are 
reported for the tumour specimens tested. However, the sample size was not sufficient to 
compare any of the tumour specimens with respect to other variables, such as: gender, age 
of patient, type, stage and grade. Characterisation with respect to these variables would be 
of great significance in diagnosis where, for example, if the mechanical properties of a 
tumour were to change with respect to grade, tumours could be characterised without a 
biopsy and subsequent microscopy. This could then be used to quickly inform subsequent 
treatment. The mechanical properties of human tumours could be used to manufacture 
more appropriate synthetic tumours for surgical trainers. If relationships are found in the 
viscoelastic properties in the tumour variables described earlier, different tumours could be 
manufactured depending on grade, stage etc. 
The viscoelastic properties of the rectangular porcine bladder from chapter 3 and 
human bladder tumours from chapter 4 can be compared as they are both expressed in 
terms of modulus (figures 3.13, 4.7 and 4.9). The storage modulus of the porcine bladder 
initially exhibited a logarithmic increasing trend against frequency (0.01 – 1 Hz) which then 
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changed into a second order polynomial trend which decreased with frequency from 1 – 5 
Hz. This is in contrast to the human bladder tumour storage modulus trend which increased 
logarithmically throughout the entire frequency sweep (0.01 – 30 Hz).  The loss modulus of 
the porcine bladder exhibited a linearly increasing trend. This was, however, very shallow 
and only increased by 0.016 MPa, which was 29.6% of the mean loss modulus value over the 
range of frequencies from 0.01 to 5 Hz. The human bladder tumour loss modulus also only 
exhibited a small increase of 0.009 MPa, which was 39.1% of the mean loss modulus value 
over 0.01 to 5 Hz. However, this increase was better described by a second order polynomial 
fit. The magnitudes of the moduli were larger for the porcine bladder. Over comparable 
frequencies (0.01 – 5 Hz) the average storage modulus for the human bladder tumours was 
0.066 MPa in comparison to 0.35 MPa for the pig bladder. The average loss modulus was 
0.023 MPa and 0.054 MPa for the human bladder tumour and pig bladder specimens, 
respectively.  
Chapter 4 included the description of preliminary compressive mechanical testing of 
porcine bladder specimens. This preliminary testing was necessary to determine the protocol 
for the human tumour specimens; hence similar sizes of specimen were used. Tensile testing 
was attempted but the small size of the specimens made this impractical. In comparison to 
the human bladder tumour specimens, with similar testing methods over the same 
frequencies, the pig bladder displayed similar trends. This can be seen when comparing 
figures 4.2 and 4.3 to figures 4.7 and 4.9. The storage moduli for both tumour and bladder 
samples displayed logarithmic increasing trends against frequency; both the loss modulus 
results against frequency displayed increasing trends which were characterised by second 
order polynomials. As before, the porcine bladder did exhibit higher average storage and loss 
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moduli, however, in this case the difference was smaller. The average storage moduli for the 
human tumours ranged between 0.052 MPa and 0.085 MPa (over 0.01 - 30 Hz) in 
comparison to 0.08 MPa and 0.12 MPa (also over 0.01 - 30 Hz) for the porcine bladder. The 
average loss moduli for the human tumours were 0.019 MPa and 0.043 MPa (0.01 and 30 
Hz) in comparison to 0.024 MPa and 0.055 MPa (0.01 and 30 Hz) for the porcine bladder. 
This higher stiffness of the normal tissue corresponds to the atomic force microscopy 
studies conducted by Lekka et al. (1999; 2012) where the normal bladder cells exhibited a 
Young’s modulus around one order of magnitude higher than that of the tumour cells, 0.01 
MPa in comparison to 0.001 MPa, respectively. The differences between the properties of 
normal and malignant tissue found in this thesis may have potential uses in diagnosis of 
bladder cancer, whether it is in novel diagnostic instrument design or for use in diagnostic 
imaging procedures. 
The porcine rectangular specimen tensile tests from chapter 3 (figure 3.13) and the 
porcine preliminary compression tests in chapter 4 (figures 4.2 and 4.3) exhibited similar 
trends. The storage moduli for both were initially described, until 1 Hz, by an increasing 
logarithmic curve fit which, for the compression tests, continued for the remainder of the 
frequencies tested (0.01 – 30 Hz). In contrast the tensile specimens showed a decreasing 
second order polynomial trend for the rest of the frequencies they were subjected to (until 5 
Hz). The mean value for the storage modulus of the compression specimens was 0.096 MPa 
(0.01 – 5 Hz) in comparison to 0.36 MPa (0.01 – 5 Hz) for the tensile specimens. The loss 
modulus for the compression specimens exhibited a second order polynomial increasing 
trend against frequency over the entire range of frequencies tested (0.01 – 30 Hz), whereas, 
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the tensile specimens exhibited a linear small increase against frequency (0.01 – 5 Hz). The 
mean value for the loss modulus of the compression specimens was 0.031 MPa (0.01 – 5 Hz) 
in comparison to 0.054 MPa (0.01 – 5 Hz) for the tensile specimens. The higher moduli for 
the tensile tests may be due to: the difference in preload that was applied for the different 
types of test, the difference in the specimen geometry and the differences in compression 
and tensile testing. 
There are limitations in comparing the moduli from the human and porcine tests for 
the following reasons: 
 Pig urinary bladder is the best available model for human urinary bladder. The study 
by Dahms et al. (1998) found the elastic modulus of porcine and human bladder 
rectangular strips to be similar (0.26 and 0.25 MPa, respectively). Human normal 
urinary bladder specimens would be ideal but they are difficult to obtain. There may 
also be other issues with human specimens as they are likely to be older and may be 
diseased. 
 The porcine bladder tests in chapter 3 were tensile and the human bladder tumour 
tests in chapter 4 were compressive. Ideally both would have been tensile tests, 
however, this was not possible due to the small sizes of the tumour specimens. The 
porcine bladder tests were tensile so that comparisons could be drawn with the 
literature, which were tensile studies. The comparison drawn between the tensile 
porcine tests in chapter 3 and the compression preliminary porcine tests in chapter 4 
shows that they exhibit similar trends for both storage and loss modulus until 1 Hz 
but differ afterwards. They also exhibit different magnitudes for the moduli. This 
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presents the difficulties in the comparison of the compressive human and porcine 
tensile specimens.  
 Preloads are necessary in mechanical characterisation of tissues to ensure 
repeatability of results. Due to the difference in specimen size and testing in 
compression and tension the preloads were different for the two tests. Preloads 
were important to ensure that the testing machine had an already registered load 
which it could work from. Testing without preloads caused errors from the machine 
which resulted in the wrong displacement from the testing machine, this often 
tripped the pre-set limits of the machine causing a shut down. On reflection 
preloading each specimen, for both the porcine and human tumour specimens, 
according to their respective volumes may have provided ‘fairer’ results, however, 
the preloads used were estimates and difficult to set accurately due to the high stress 
relaxation exhibited by the tissues. As the volumes for each of the tests were similar 
the author does not expect that the difference in preload would have been high. 
Although there were some preload limitations, all specimens, for their respective 
tests, underwent exactly the same testing procedures.  
 The human specimens had been stored at -80 °C compared to the pig bladder which 
was stored at -40 °C.  The effect of storage temperature on urinary bladder is not 
known (Zanetti et al., 2012), however, Zanetti et al. (2012) have also reported that 
their bladder tissue mechanical testing results agree with other studies where urinary 
bladders were harvested from the animal source, stored at 4 °C and tested within 48 
hours.  
 The sample size of the human tumour tests was low due to low availability of human 
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tissues; however, repeatable results were found and point to differences between 
the tumours and normal tissue. 
The viscoelastic properties from both chapters 3 and 4 are of potential value in 
device design. The properties of both normal and malignant bladder tissue could facilitate 
the manufacture of a ‘probing’ type device which could diagnose tumours during cystoscopy 
or transurethral resection of bladder tumours (TURBT). Depending on the T-stage of the 
tumour found and its grade the appropriate surgical course of action, which may well be 
TURBT, could be taken straight away. To inform this, future work on the viscoelastic 
properties of normal bladder tissue, in addition to tumourous bladder tissue, would be of 
great value. 
Chapter 5 described the design, prototyping and testing of a device aiming to 
decrease the recurrence of non-muscle invasive bladder cancer. The device attempts to do 
this by creating a physical barrier which bladder tumour cells cannot penetrate post 
piecemeal resection (TURBT). This is important as it would prevent one of the prime 
mechanisms of recurrence in NMIBC. The device needs developing with different materials 
and manufacturing techniques if it is to progress towards being a useable instrument. 
However, it clearly demonstrates proof of concept as a functioning prototype as it limits fluid 
flow to within the cone device when pressed against urinary bladder wall. There is also a 
similar device already in use which uses Nitinol to open a polyurethane filter for blood 
vessels (Fasseas et al., 2001). There also may be other applications in which a current 
actuated opening cone device has utility. 
Chapter 5 details the use of electrical current to heat the nitinol wire past its 
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transition temperature and hence cause movement. Nitinol medical devices such as stents 
and bone plates are body temperature response; this means when they are inserted into the 
body, the temperature change to 37 °C brings the devices past their transition temperature. 
Body temperature response Nitinol was considered for the device described in chapter 5 but 
was not used as the author wanted to give the surgeon control of when the cone would 
open. 
The overall conclusions from this thesis are as follows: 
 Porcine urinary bladder looped specimens exhibit higher average storage and loss 
stiffnesses (1.89 N/mm and 0.24 N/mm, respectively) compared to rectangular 
specimens (0.74 N/mm and 0.11 N/mm, respectively). 
 Human bladder tumours exhibit lower storage and loss moduli (0.07 MPa and 0.02 
MPa, respectively) in comparison to tensile porcine (0.36 MPa and 0.05 MPa, 
respectively) or compression porcine (0.10 MPa and 0.03 MPa, respectively) normal 
urinary bladder tissue. 
 The storage modulus was higher than the loss modulus for both the porcine normal 
bladder and human bladder tumour specimens for every frequency tested. Both 
specimen types also exhibited varying viscoelastic behaviour dependent on the 
frequency. 
 An expanding latex cone device, actuated using nickel titanium shape memory alloy 
(Nitinol), is effective in confining fluid when the device is pressed against urinary 
bladder wall. 
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7 Future Work 
 
7.1 Tissue Testing 
 
In future, if possible, it would be of value to also test normal human tissue using the 
same methods described in chapters 3 and 4. This would assess the suitability, in terms of 
viscoelastic properties, of porcine bladder tissue as a model for human normal bladder 
tissue. If the tissues were significantly similar, then surgical or diagnostic equipment could be 
confidently tested using a porcine model instead of using human bladder specimens. Also 
the difference between human malignant and normal bladder tissue could be confidently 
ascertained. Any significant differences would be of great value to diagnostic procedures. 
Other authors such as: Gloeckner et al.(2002), Nagatomi et al. (2004), Gilbert et al. 
(2008) and Chen et al. (2013) have investigated properties of the bladder using biaxial test 
methods. Biaxial testing is of value as the test method is more similar to physiological 
loading and unloading of the urinary bladder i.e. multidirectional loading. A limitation of the 
work in this thesis was that no biaxial testing machine was available and there was not 
enough time to manufacture a jig to alter the Bose Electroforce 3200 uniaxial testing 
machine to a biaxial testing machine. In addition the author believes converting the Bose 
Electroforce 3200 testing machine would have been very difficult as any ‘off axis’ forces or 
moments applied tended to cause errors and machine shutdowns. 
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7.2 Instrument Development 
 
The next stages in the development of this device, so it can go from a prototype to 
surgical instrument, would make use of different materials and techniques. The wire housing 
would be made from a stiffer material such as stainless steel which is commonly used in 
current resectoscopes. This would allow for a thinner wall thickness and hence a smaller 
device, although the channels for the Nitinol wire and other connections would have to be 
insulated so as not to short circuit the device. Furthermore, the wire housing length would 
be increased to be compatible with, and connect to, current resectoscopes. Different 
moulding techniques would also be explored to better incorporate the diameter of the 
Nitinol when the latex cone is being added. A different grade of latex may also be sought to 
increase the ultimate strength and to decrease the Young’s modulus so that the folding, 
which can be seen when the device is closed (figure 5.12 & figure 5.15), does not occur. Also, 
potential additives to the latex to prevent it from sticking to itself once being removed from 
the mould would be beneficial providing it did not adversely affect the mechanical 
properties of the latex or its biocompatibility. Other polymers would also be investigated 
and incorporated so that the device could be used for patients with latex allergies. 
Improved techniques for the electrical connections of the device would be beneficial. 
Soldering to Nitinol was difficult and other techniques such as using copper tape and 
connections by contact, such as 90° crimps, were trialled but were unsuccessful. If soldering 
is continued, different techniques and potentially different materials could be sought to 
decrease the amount of solder being used and remove the need for flux. Methods to 
prevent accumulation of the oxide layer on the Nitinol wiring would also be advantageous, 
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as this would decrease the likelihood of any electrical connections failing. During prototype 
manufacture sandpaper was used to try and remove this layer before forming the 
connections, but did not have much of an effect. 
After manufacture of a next stage prototype, testing with a resectoscope in a model 
bladder environment such as a whole porcine bladder or a surgical trainer should also be 
completed. The instrument would be added to a current resectoscope so that the opening of 
the device and the ability of the resectoscope to work in the cone part of the instrument 
could be seen. This would ensure that the diminished volume of the working environment 
did not adversely affect the optics of the resectoscope and the electrically active wire loop. 
Testing of insertion and removal of the instrument would also be completed. Incorporating a 
comparable tumour material into this testing, which could then be resected, would further 
gauge the effectiveness of the design in limiting the movement of tumour particles.  
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Appendix A – Pressure Transducer Calibration 
 
Height (m) 
Pressure 
Head (Pa) 
Mean Voltage (mV) 
0 0 1.0 
0.1 980.7 25.0 
0.2 1961.4 48.3 
0.3 2942.1 72.0 
0.4 3922.8 95.7 
0.5 4903.5 119.7 
0.6 5884.2 143.7 
0.7 6864.9 167.3 
0.8 7845.6 189.7 
0.9 8826.3 214.3 
1 9807 239.7 
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Appendix B – Bladder Dimension Schematic 
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Appendix C – Engineering Drawings for Bladder Testing Jigs 
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Appendix D – Wire Housing Engineering Drawing 
 
 
